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IMPROVED TACK PMR 

by 
R. A. Buyny 

SUMMARY 

This report i s  the final report document describing work performed by 
TRW Equipment Group and TRW Defense and Space Systems Group for  the 
National Aeronautics and Space Adminiktration , Lewis Research Center, under 
Contract NAS3-22026. The technical work on this program was performed 
d u r i n g  the period of 27 July 1979 through 1 May 1981. 

' The objective of this program was t o  investigate reactive and non- 
reactive compounds which would introduce longer duration ( i  .e., - > one 
month) tack and drape i n t o  PMI? polyimide prepreg materials: Further, a 
promising t ack i f i e r  candidate should n o t  compromise the PMR-15 autoclave 
processing cycle commonly adopted a t  present by the trade [i.e., cure 
temperatures - < 589°K (600°F) and pressures - < 1.4 MPa (200 psia)] or 
i n i t i a l  o r  rctained mechanical properties a t  589°K (600°F). 

In t h i s  program, one reactive diluent and several h i g h  b o i l i n g  
solvents were investigated as an approach t o  improve the handleability ( i  .e. , 
tack, drape, e t c . )  of PMR-15 prepregs. 
promising and s implis t ic  method of introducinq the desired tack into 
PMR-type prepregs was t o  add dimethoxy ethyl ether (diglyme) t o  the 
normal methanol solvent. 

I t  was determined tha t  the most 

Compression and autoclave fabrication cycles were developed for the 
desired tacky , .  prepreg which yi.elded composites possessing u p  to  15% higher 
thermo-mechanical properties than d i d  composites prepared from the conventional 
PMR-15 prepreg. 
necessary t o  increase the dwell cycle and use a higher heat-up r a t e  than 
normally employed by the trade t o  autoclave process PMR-15 composites. 

To ensure removal of the dig1ym.e tacki f ie r  solvent, i t  was 

Near the conclusion of this investigation, TRW discovered on a separate 
in-house study tha t  diglyme const i tutes  a potential hazard because i t s  
auto-ignition temperature was found t o  be 464'K (375') instead of the 
previously reported 81loK (lOOO°F). For this reason i t  i s  recommended 
that  the use of diglyme as a t ack i f i e r  compound for PMR-15 prepreg should 
not be considered fur ther .  

- 1  - 



Details o f  the experimental work performed on this program was 
presented t h r o u g h o u t  the remainder of t h i s  f i n a l  report. 
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1.0 INTRODUCTION 

T h i s  f inal  report presents the work accomplished by .TRW Equipment 
Group and TRW Defense and Space Systems Group for  the National Aeronautics 
and Space Administration, Lewis Research Center, under Contract NAS3-22026, 

dur ing  the period of 27 July 1979 through 1 May 1981. Th i s  e f fo r t  involved 
the d e f i n i t i o n  and evaluation of methods t o  improve the handleability 
character is t ics ,  L e . ,  tack and drape, o f  PMR-15 prepregs. 
u t i l i z i n g  the most promising methods of improving the tack and drape of 
the PMR system were t h e n  fabricated in to  laminates t o  demonstrate the 
re la t ive  processability of the improved tack eMR system. 

Prepregs 

Over the l a s t  several yearsS PMR composites have been accepted i n  
the industry and a re  currently used for  a diversified l i s t  of applications. 
The basic prepreg material i s  avai 1 ah1 e commercial l y  from several vendors. 
The ease of processing of these prepregs has been demonstrated by the 
large number o f  h i g h  quali ty hardware items fabricated from these systems. 

While there a re  many advantages of the PMR addition polyimide system 
i n  comparison to  the conventional condensation polyimide systems, one 
charac te r i s t ic  of the PMR system has limited i ts  application. T h i s  
charac te r i s t ic  is  the re la t ive ly  short  prepreg tack l i fe .  The PMR system 
r e l i e s  on the retention of some of i ts  car r ie r  solvent, methanol, t o  provide 
tack t o  the prepreg. Since methanol has a re la t ive ly  low molecular weight 
and is quite vo la t i le ,  i t  diffuses and evaporates from single pl ies  of 
prepreg very quickly. Usually enough residual methanol leaves the prepreg 
w i t h i n  twenty four hours under ambient conditions tha t  the prepreg loses 
a l l  of its tack. 

1 

The most promising approach identified on this program t o  extend the 
tack l i f e  of PMR prepregs involved the incorporation, of an additional l e s s  
vo la t i le  f u g i t i v e  ca r r i e r  solvent i n t o  the conventional PMR-15 formulation, 
The r a t io  of the  fugitive solvent, dimethoxy ethyl ether (diglyme), t o  
the methanol solvent was one to  four. By performing this simple formulary 
modification and preparing both woven and unidirectional prepregs u s i n g  a 

1-1 



conventional res in  so~utfon i r n ~ r @ g ~ ~ t i a n  technique* t t  was possible to 
real ire adequate hand1 eabil i t y  and tack after exposure under amblent 

condS ti ons for fourteen days . 
The processability a f  the improved tack PHR prepregs wqs evaluated 

through the fabicatian o f  various sired 1 aminates, 
accompl fshed by usi.ng either compression or autoclave; moldfng techniques. 
Fur comparative purposes several 1 aminates were fabricated using the 
conventional PMR-15 fornulatian, <.e. ,  the  same l o t s  of ~ ~ n ~ ~ ~ s  were 
Employed but diglyme was omitted. It was observed that the lmproved 
tack PMR prepregs exhibited somewhat lwer res in  f l o w  during molding 
than the conuentjonal PMR-15 prepregs. 
viscosity behavior of imidired powder af these two systems showed the 
improved tack PRR prepo’iymer Lo &e substantially more viscous. 
o f  this change r’n the rheology of the improved Lack PNR system i t  was 
possible t o  mold high quality, l o w  void laminates. 
mechanical propertjes af the improved tack FNR famfnates were equivalent 
t o ,  or higher than,  those o f  the PMR-15 control laml’nates. T h i s  was true 
both before and after exposure of these lamfnates l o  t’sotherma’t a g i n g  
a t  588% (600’FI. 

fabricatfon was 

Cursory examination a f  the me1 t 

In spite 

fn addltSon, the 

An excess of the  carr ier  solvent was used during most of the program 
for the sofhtion impregnation o f  the fibers. However, additional prepreg 
was also prepared by using hot melt coating techniques 
fabricated from this material, both by compression and autoclave moldfng 
techn5ques, exhibited processability and mechanical and physicat properties 

comparable t o  the laminates fabricated fron solution i r n ~ r ~ g ~ a ~ ~ ~  prepreg. 
The tack l i f e  o f  the hot melt prepreg was also xtended to about fourteen 
days. This bot me7 t PNR formulatian employed the conventional ~ ~ n ~ r n ~ ~ i ~  
ingredients and enough diglyme t o  afford a pl tab le ,  sem.i-solid and tacky 
resin a t  roam temperature. Only dig?yme was used as the carrier solvent. 

Laminates 



During the concluding stages o f  the technical e f f o r t  described 
herein, an inc ident  occurred i n  another experimental program a t  TRW 
which precludes the use o f  diglyme as a t a c k i f i e r  solvent f o r  PMR-15 
prepreg. Spec i f i ca l l y ,  i n  t h i s  in-house TRW sponsored program, on a 
d i f f e r e n t  c lass o f  polyimides, i t  was observed t h a t  diglyrne sel f - i g n i t e d  
a t  an evaporation temperature o f  477'K (4OOOF). 

o f  t h i s  incident,  i t  was learned from a manufacturer t h a t  the accepted 
au to- ign i t ion  temperature o f  diglyme o f  811°K ( 1000°F) was being t rea ted  

as suspect. 
the au to - ign i t i on  temperature o f  diglyme was establ ished t o  be 464'K 
(375OF). Because o f  t h i s  d r a s t i c  reduction i n  the  au to- ign i t ion  temperature 
o f  diglyrne, i t  i s  recommended t h a t  diglyme not be used as a t a c k i f i e r  
o r  solvent c a r r i e r  f o r  polyimides i n  general and PMR-15 i n  pa r t i cu la r .  

During the inves t iga t ion  

Very recent ly,  TRW was Informed by the manufacturer t h a t  

This repo r t  i s  d iv ided i n t o  s i x  sections covering the program 
technical  e f f o r t s :  

T a c k i f i e r  Screening Studies 

Compression Molding Process Development Using Woven Prepreg 

Compression Molding Process Development Using Unidirect ional  
Prepreg 
Autoclave Molding Process Development 

Conclusions and Recommendations. 

Append i ces 
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2.0 TACKIFIER SCREENING STUDIES 

In selecting candidate tack i f ie rs  for  the program, the following 
1 i m i  tati 'ons were observed a s  goal s : 

Any additive used shall  not adversely a f fec t  processing parameters 
or  ease o f  fabr icabi l i ty  including curing conditions 

The additive should be l i q u i d  a t  room temperature and of low vapor 
pressure 

The mechanical properties of the result ing composite shall  not 
be reduced a t  room temperature'or a t  elevated temperature for  
extended exposure times 

I t  should be compatible w i t h  PMR monomers and prepolymer 

Additive sha l l  have min imum toxici ty  

The basic stoichiometry of the PMR-15 system shall not be al tered 
i n  such a way so as t o  a f fec t  composite performance 

Formulation changes shall  be applicable t o  both solution and hot 
melt impregnation techniques. 

The two general approaches considered for  enhancing drape and tack 
of PMR-15 prepregs were: 
the use of a l i q u i d  reactive diluent.  

(1)  the use of  a l e s s  vo la t i le  solvent and ( 2 )  

The primary requirements for  the solvent additives include h i g h  
sol vency, 1 ow toxic i ty  and non-reactivi t y  w i t h  the  PMR monomers. 
the v o l a t i l i t y  of the additive should be such as t o  be easi ly  expelled 
i n  the ear ly  stages o f  the cure cycle. The two s tep  cure of the PMR 
system affords an excellent opportunity for  the use of a fugitive additive 
system. 
3949477°K (250-400°F) under low pressure or i n  a c i rculat ing a i r  oven 
followed by cure a t  573403°K (575-625°F). 
boils or  becomes volatf le  i n  the range of 394-477°K while possessing the 
other c r i t e r i a  should assure quantitative expulsion i n  the imidization. 
Hore specif ical ly ,  the higher the boiling point the longer out-time migh t  
be expected, although too h i g h  a boiling point, say near the 477°K (400°F) 
maximum PMR imidization temperature, m i g h t  not assure ful l  elimination of 
the added solvent and could cause porosity in the final composite. A more 
appropriate boil ing range was t h u s  considered t o  be 394-450°K (250-350°F). 

A1 so , 

Cure cycles generally employ an imidization s tep i n  the range of 

Selecting an additive tha t  

2-1 



There a re ,  o f  course, many solvents tha t  m i g h t  be considered, b u t  by 
using the selection c r i t e r i a  noted above and eliminating solvents w i t h  
propensities for  side reactions w i t h  the monomeric PMR ingredients, four 
solvents were chosen for  examination on this program. These were, i n  
addition t o  the methanol control,  ethanol, n-butanol , butyl e ther  and 
diglyme. The physical properties of these candidate solvents a re  shown 
i n  Table 1. 

Another approach to  the extension of tack retention time is  one of 
adding a fourth monomer or s u b s t i t u t i n g  one monomer for a portion of the 
three making u p  PMR-15. 
that  would not evaporate a t  room temperature, thus leaving a moist o r  
tacky prepreg. 
monomer would react d u r i n g  the cure process so tha t  i t  would not vo la t i l i ze  
into a void producing gas. 

The additional monomer would be a l i q u i d  material 

As opposed t o  the fugi t ive ca r r i e r  solvent method, this  

I t  has been suggested (Reference 1 )  tha t  an o le f in ic  double bond i n  
the fourth monomer m i g h t  provide a mechanism for polymerization w i t h  the 
PMR-15. 
this manner, as  a reactive diluent. 
w i t h  the PMR imidized prepolymer. 
methyl anhydride (NMA)  shown below. 

There a re  obviously numerous candidates which could be used i n  
However, very few would be compatible 

Due t o  i t s  anhydride functionali ty,  
A notable exception should be nadic 

0 

‘0 Nadic Methyl Anhydride 

0 L 

this monomer should  be incorporated into the PMR backbone d u r i n g  the con- 
densation stages o f  processing and t h u s  should remain compatible w i t h  the 
h i g h  molecular weight prepolymer. 
as a reat ive di’luent, since i t  was the most l ike ly  one t o  be compatible 
w i t h  PMR chemistry. In addition, MMA was selected because i t  allows the 

This was the only monomer evaluated 
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use of a l i q u i d  monomer w i t h  the minimum adjustment of standard stoichlo- 
metry. The material represents a low cost ,  readily avai lable  monomer t h a t  
i s  i n  everyday use as a curing agent for epoxy resins. I t s  l i q u i d  nature 
also seems appealing for use w i t h  h i g h  monomer concentration solutions for 
use w i t h  hot melt impregnation techniques. 

A logical extension of the use of e i ther  added reactive diluents or  

For this reason, a combination of Aiglyme 
an added solvent i s  the combination'of these two approaches t o  perhaps 
achieve a synergystic effect .  
solvent w i t h  nadic methyl anhydride was evaluated. 

I n  summary then, the following modifications t o  the standard PMR 
examined i n  the f i rs t  task of  the program. 

a)  Standard PMR-15 w i t h  methanol (control ) , 

b )  Diglyme as a solvent. 

c )  Butyl ether as a solvent. 

d )  n-Butanol as  a solvent. 

e )  Nadic methyl anhydride as a reactive diluent. 

f )  Nadic methyl anhydride w i t h  diglyme i n  combination. 

Ethanol was not included i n  this l i s t  o f  candidate tack i f ie r  systems. 
However, i t  was reserved for use as a ca r r i e r  solvent, o f  l e s s  v o l a t i l i t y  
than methanol. 

To evaluate these systems to  improve the tack of  PMR prepregs, 
solutions containing 50% w/w of uncured resin sol ids  were prepared from the 
conventionalPMR-15 monomers, methanol and selected solvent and/or reactive 
diluent. Celion C-3000 fabric was then coated w i t h  these solutions. 
resultant prepregs were then evaluated for  tack drape and retention o f  
vo la t i l e  matter. 
tack l i f e  were selected for  evaluation of t he i r  b u l k  resin properties. 
These tasks a re  described i n  the following sections. 
two systems were selected for  composite processing evaluation. 

The  

Systems e x h i b i t i n g  the most desirable handleability and 

From these studies 
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2.1 FORMULARY MODIFICATIONS 

Solutions of the candidate improved tack PMR systems were prepared by 
u s i n g  the r a t i o  o f  ingredients shown i n  Table 2. 
were substi tuted,  on a wesght basis,  for 20% of the normal weight o f  the 
ca r r i e r  solvent. The reactive diluent,  NMA, was employed i n  a 0.4 t o  1.6 
r a t i o  w i t h  NE. The BTDE was prepared by refluxing the dianhydride, BTDA, 
w i t h  an excess o f  alcohol for  a period of one hour, a f t e r  the clearing o f  
the i n i t i a l  suspension. Either anhydrous methanol or  ethanol was employed. 
A1 1 es te r i f ica t ions  were performed a t  'a 50% w/w sol i d s  concentration, based 
upon the final d ies te r  weight. 
w i t h  a previously prepared 50% w/w solution of MDA, NE,  methanol and f u g i -  
t i ve  solvent. All 
solutions were prepared i n  a three neck flask equipped w i t h . a  stirring 
motor and paddle, thermometer and reflux condenser. 

The fugative solvents 

After the BTPE had cooled, i t  was mixed 

NMA was added a t  this p o i n t  i n  the noted formulations. 

2.2 PREPREG STUDIES 

A l l  prepregs examined i n  these screening studies and subsequent 
preliminary composite processing studies (Sections 3 and 5)  were prepared 
from a single l o t  of woven C-3000 fabric.  T h i s  material had an 8-Harness 
Satin construction w i t h  23x22 tows per inch i n  the warp and f i l l  direc- 
t ions ,  respectively. The f ibers  were sized, a t  approximately a 1% w/w l eve l ,  
w i t h  an epoxy compatible material. Typical composite properties of this 
reinforcement w i t h  e i ther  Fiberite 934 epoxy or PMR I1 matrices are  given 
i n  Table 3. 

Fiber impregnation was achieved by spreading a calculated amount o f  
50% w/w solution onto a preweighed section of the C-3000 fabric.  
a teflon doctor blade i t  was possible to  a t t a in  resin contents t ha t  were 
reproducible t o  - t 1.5%. 
leave the material uncovered for  24 hours and then perform tack, drape 
and vo la t i l e  content t e s t s .  

By u s i n g  

Standard procedure was t o  make u p  the prepreg, 

These t e s t s ,  the  procedures for which a re  given i n  Appendix A ,  were 
used t o  define the useful shelf l i f e  of prepregs. For aging a t  ambient 
conditions, prepreg was allowed t o  lay w i t h  the t o p  side uncovered on a 
laboratory bench w i t h  the release paper o r  film i n  place on the bottom 
side. Just  prior t o  tes t ing,  the release paper was removed from b o t h  s t r i p s  
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Table 3. CELION-3000 FABRIC COMPOSITE PROPERTIES 
AS REPORTED BY VENDOR (REF.  2)  

Fabric: 
Composite: 65 volume percent Celion 3000 i n  Fiberite 934 epoxy resin. 

Fiber i te  Style  W-1133, 24 x 23 8 Harness Satin 

F i l l  
_I_ 

Ha r p 

Flex Strength, MPa (hi) 943 (136.7) 903 (131 ) 
Flex Strength, MPa ( K s i )  8 450°K (35OOF) 808 (117.2) 696 (100.7) 

Flex Modulus, GPa (Msi) 8 450°K (35OOF) 74 ( 10.7) 70 ( 10.1) 
ILSS, MPa (Ksi) 67 ( 9.7) 68 ( 9.9) 
ILSS, MPa (Ksi) @ 450°K (35OOF) 49 ( 7.1) 46 ( 6 .7 )  

Tensile Strength, MPa (Ksi) 643 ( 93.2) 593 ( 86 ) 
Tensile Modulus, GPa (Msi) 79 ( 11.4) ' 72 ( 10.5) 

Flex Modulus, GPa (Msi) 76 ( 11.0) 72 ( 10.5) 

Celion 3000 - High Strength carbon f ibe r  w i t h  3000 filaments per strand. 
The above properties were obtained on autoclave cured laminates by Fiberi te 
Corporation. 

TYPICAL CELION 3000/PMR 11 POLYIMIDE 
COMPOSITE PROPERTIES 

I - 

293'K (73'F) 588OK (600OF) 
Unidirectional Fabric Uni d i  rec tional Fabric 

Flex S t r e n g t b ,  MPa 1520 - 2000 793 900 - 1000 552 
(Ksi) ( 220 .. 290) (115) (130 - 145) (80) 

Flex Modulus, GPa 121 - 145 62 - - 
(Msi ) (17.5 - 21) ( 9 )  - - 

Inter1 aminar Shear 
S t r e n g t h  MPa 97 - 123 48 48 .. 55 41 

( K s i )  ( 14 - 17.8) ( 7 )  ( 7 -  8) ( 6 )  

f e l t o n  3000 - High S t r e n g t h  carbon f lber  w i t h  3000 fjlaments per strand I 
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and release paper side (wet) of one strip was joined w i t h  the open (dry) 
side of the other str ip t o  form the l a p  j o i n t .  
simulates lay-up conditions of a composite component. 

I t  was f e l t  t ha t  this 

Figures 1 through 6 display the tack, drape and vo la t i l e  content data 
collected on each of the formulations l isted i n  Table 2. 
the behavior of the unmodified, control system and, as can be seen, the 
tack values drop rapidly w i t h  time. A t  the end of s ix  days, one sample 
repl icate  had a value of 2 psi, b u t  the average was below 1 p s i .  The 
NMA system (Figure 5)  provided 1i t t le .extension of this time. Figures 2 
and 6 show considerable improvement i n  tack retention w i t h  e i t he r  the 
diglyme alone and the MMA w i t h  diglyme. 
ted because o f  complete consumptioh of the t e s t  prepreg. Note a l so  tha t  
b o t h  of the systems containing diglyme maintained a higher .volatile level 
and drape character is t ics  for  a correspondingly longer time. 
shows the data collected on the n-butanol system. The butanol addition 
d i d  show improved performance, b u t  the tack values were, for  the most 
part ,  consistently lower than the diglyme system. The n-butyl ether 
t ack i f i e r  (Figure 4 )  imparted very l i t t l e  improvement i n  tack l i fe .  

Figure 1 shows 

In each case, tes t ing was termina- 

Figure 3 

Based on these data, i t  appears that  diglyme quali ty increases the 
tack of PMR systems. N-butanol increases i t  somewhat, and n-butyl ether 
and NMA have very l i t t l e  e f fec t  upon tack, 
re la t ive ly  toxic,  w i t h  a threshold limit of 50 ppm, and has a very 
pungent odor. 
combined t o  eliminate n-butanol as a viable choice as a sui table  tack i f ie r .  

In addition n-butanol i s  

These factors and i t s  marginal improvement upon tack  l i f e  

Thus, as a resu l t  of these prepreg screening studies,  diglyme 
appeared to  be the only vtable additi .ve t o  impart tack t o  PMR systems, 
Since ethanol is  a lso a viable solvent for PMR res ins ,  i t  was decided 
to  evaluate a single fugitive solvent and two ca r r i e r  solvents, methanol 
and ethanol as improved tack PMR solvent systems. 
tha t  the reduced v o l a t i l i t y  o f  the ethanolldiglyme mixture m i g h t  enchance 
the tack character is t ics  o f  this system, 

I t  was anticipated 
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Figure 1.  Change i n  Prepreg Characteristics w i t h  Time 
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2.3 BULK RESIN STUDIES 

In this study PMR solutions,  a t  a 50% w/w uncured sol i d  level ,  employ- 
i n g  e i ther  methanol or  ethanol as  a ca r r i e r  solvent and diglyme as a 
fugative solvent were prepared. These were used t o  fabr icate  neat res in  
specimens which were subjected t o  thermal mechanical analysis and 
isothermal gravimetric analysis. T h i s  evaluation was used t o  select  two 
improved tack formulations for  composite processing studies. The data 
from this task have been summarized i n  Table 4. 

Neat resin specimens, 20.6 cm x 20.6 cm x 1.5 cm (8.1 i n  x 8.1 i n  x 
0.06 i n ) ,  were fabricated by first imid iz ing  the se lec t  solutions t o  
obtain a molding powder and then molding the powder under heat and 
pressure t o  obtain the specimens (Reference 3). 
obtained by drying the solutions i n  an a i r  c i rculat ing oven'at 355°K 
(180OF) for  72 hours. 
were covered t o  avoid contamination by a i r  borne impurities. The dried 
materials were t h e n  broken into pieces, imidized for  two hours a t  477OK 
( 4 O O O F )  and ground in to  fine powders us ing  a mortar and pestle. 

Imidized powders were 

During drying the beakers containing the solutions 

The imidized powder was p u t  in to  a cold die, which was then placed 
into a press between heated platens. About 10% excess molding powder 
was used t o  provide resin f lash for  checking f lu id i ty  d u r i n g  molding. 
Stops were used t o  prevent complete expulsion of the resin dur ing  i t s  
viscosity drop. 
withdrawn and pressure reapplied. 
588OK (600°F) i n  the die  and then post cured, f ree  standing for  16 hours 
a t  588'K (600°F). 

When the extruded flash reached gelation, the stops were 
Each molding was cured for  one hour a t  

Tripl icate  specimens, approximately 5 cm x 5 cm x 1.5 mm (21 i n  x 
2 i n  x 0.06 i n ) ,  of each of the moldings shown i'n Table 4 were subjected 
t o  isothermal gravimetric analysis a t  588OK (6OOOF).  The equipment and 
procedures used for this a r e  described i n  Appendix B. A plot of per- 
centage weight loss  versus time fo r  these specimens i s  g iven  i n  Figure 7. 

Thermal mechanical analysis was also performed on sections of these 
moldings. The glass t ransi t ion temperatures and coefficients of thermal 
expansion deduced from the TMA profiles a re  summarized i n  Table 4. The  
procedures used t o  perform this analysis and estimate the Tg of the 
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polymer a re  discussed i n  Appendix C. 
obtained i n  t h i s  report are included i n  this Appendix. 

In addition a l l  the TMA profiles 

On review of the data for  the thermal analysis of the improved tack 
PMR neat resin moldings (Table 4), i t  was concluded tha t  diglyme had no 
adverse a f fec t  upon the thermal mechanical properties o r  the thermal 
oxidative s t a b i l i t y  of the PMR b u l k  resin moldings, 
t ra t ion  of diglyme had no ef fec t  upon these thermal properties, the 
formulations containing the higher concentration o f  diglyme w i t h  e i ther  
methanol or  ethanol were selected for. further evaluation. 

Because the concen- 
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3.0 COMPRESSION MOLDING PROCESS DEVELOPMENT 
USING WOVEN PREPREG 

In t h i s  task C-3000 fabric prepregs were prepared from PMR-15 
solutions which uti1 ized e i ther  the methanol/diglyme or ethanol/diglyme 
solvent systems which were discussed in Section 2 . 3 .  
and vol a t  i l  e content of these prepregs were eval uated bo th  before and 
a f t e r  they were aged for t h i r t y  days a t  278'K (4OOF). 
and aged prepregs were used i n  composite processing studies t o  fabricate 
10.2 cm x 10.2 cm x 0.23 cm ( 4 . 0  i n  x 4.0 in x 0.09 in)  laminates. 
These studies evaluated the effect  of various imidization cycles upon 
laminate processing and mechanical properties. 

The tack, drape 

B o t h  fresh 

Parallel studies were performed on prepreg prepared by hot melt 
coating tehcniques. 
uncured resins sol ids in the fugitive solvent, diglyme. Two formulations 
were screened, one based upon the dimethyl es te r  of BTDA and the other 
upon the diethyl es te r .  
no excess alcohol car r ie r  solvent was employed. 

PMR resins were formulated which contained 83% w/w 

B o t h  of these employed only diglyme as a solvent; 

I n  general, a l l  o f  the laminates molded were h i g h  quali ty,  low void 
materials with excellent mechanical properties. These properties were 
equivalent t o  a conventional PMR-15 fabric composite. There were no 
variations in prepreg processing o r  laminate properties which could be 
attr ibuted t o  e i ther  the alcohol solvent employed, methanol o r  ethanol, 
or t o  the f iber  impregnation method employed, solution or hot  melt. 

Gel permeation chromatography ( G P C )  characterization of BTDE e s t e r ,  
which were prepared by both solution and hot  melt methods, was performed, 
There were no relationships between the chemical composition of these 
es te rs ,  as defined by GPC,  and  prepreg processability which could be 
readily identified.  
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3.1 SOLUTION COATED PREPREG EVALUATION 
' P  

In th i s  section the method fo r  preparation of solution coated 
prepreg and the  e f f ec t  of aging o f  this prepreg a t  278'K (40°F) a re  
discussed. 
a r e  given. 
and thermal properties is presented. 

3.1 .1 PREPREG PREPARATION 

The  e f f e c t s  of various imidization cycles upon processing 
Laminate evaluation i n  terms of several physical, mechanical 

The C-3000 fabr ic  was coated w i t h  either the  improved tack PMR 
solutions o r  a PMR-15 control solution according t o  the procedures 
g iven  i n  Section 2.1. 
an  a i r  c i rculat ing oven fo r  two hours a t  322'K (120OF) and prepreg 
employing ethanol/diglyme dried two hours a t  333'K ( 1 4 O O F ) .  

Prepreg employing methanol/diglyme was d r i ed  i n  

T h i s  t r e a t -  
ment reduced v o l a t i l e  contents t o  12% - 14% w/w, w h i c h  was optimum i n  
terms of handleabili ty.  
a t  ambient temperature. 

PMR-15 control prepreg was d r i ed  fo r  16 hours a t  

3.1.2 PREPREG AGING 

By u s i n g  the methods discussed i n  Appendix A the  she l f - l i f e  of pre- 
preg employed i n  the processing studies was followed. 
aged a t  278'K ( 4 O o F )  were stored i n  sealed polyethylene bags. Aging a t  
room temperature was done by removing the single plies of prepreg from 
the bags and placing the p l i e s ,  face up, upon laboratory benches. 
Problems were encountered d u r i n g  the program i n  achieving adequate pre- 
preg she l f - l i f e  when release paper was used a s  a backing. 
d i f f u s i o n  of the t ack i f i e r  through the paper caused the prepreg t o  become 
dry prematurely. However, when mylar was used as  a backing material the 
tack l i ves  o f  a l l  the  prepregs remained i n  the. range of 100 Kpa (14.5 psi) 
o r  greater  fo r  u p  t o  twenty-one days. T h i s  increased #ell beyond the goals 
of the program. Tack retention exceeded the m i n i m u m  goals of the program 
( i  .e. , seven t o  fourteen days). 

Prepregs which were 

Apparently, 
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In general there appeared t o  be l i t t l e  difference i n  the shelf 
l i f e ,  i .e. tack and drape, of the two candidate t ack i f i e r  systems. 
However, based upon qual i ta t ive  and subjective observations, a f t e r  
about 14 days a l l  of the prepregs e x h i b i t e d  only minimal tack and drape 
necessary for  complex par t  fabrication. 

minimal. 

Even t h o u g h  the quantitative tack 

were high ( i . e - , ' 100  Kpal(l4.5 Psi) prepreg handleability had become 

3.1.3 LAMINATE PROCESSING 

In this study the ef fec t  of the.imidization cycle, 30 minutes o r  
60 minutes a t  450°K (350OF) or  477'K (4OO0F), upon laminate mechanical , 
physical and thermal properties was examined. 

Laminates have been fabricated fo r  this study according t o  the  
following steps:  

(1) Imidize preform i n  an a i r  c i rculat ing oven 
fo r  30 o r  60 minutes a t  450°K (350OF) or  
477'K ( 40OoF) 

( 2 )  Place the preform i n  a mold preheated t o  
505OK (450'F) and apply contact pressure. 

(3)  Hold a t  this temperature and pressure fo r  
10 minutes and then apply 3.4 MPa (500 psi) 
and raise the temperature t o  588'K (600OF) 
a t  a r a t e  of 4.2OK/min (7.5OF/min.). 

(4)  Hold a t  588'K (600OF) for  one hour. 

(5)  Remove the cloth laminate a t  588'K 
( 60OoF) 

Postcure a t  588'K (600OF) for  16 hours (6) 

Six plies of prepreg, 10.2 cm (4.0 i n . )  x 10.2 cm (4.0 i n . )  were 
placed between two pieces of porous tef lon coated release fabr ic  and 
two pieces of 181 s t y l e  E g lass  for  devolat i l izat ion and imidization. 
Caul sheets of t h i n  aluminum were used for  support on top and bottom 
o f  the preform. Preform pressure was approximately 690 Pa (0.1 psi). 
A time of temperature prof i le  was plotted u s i n g  a Hewlett Packard Model 
680 strip chart  recorder for  a l l  preforms and laminates. Temperature 
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0 0  prec i s ion  was maintained w i t h i n  - + 1% K/ K, and t ime p rec i s ion  was 
maintained w i t h i n  - + 10% min/min dur ing t h e  i m i d i z a t i o n  and molding 

processes. 
cm (0.002 i n . ) .  

Cured laminate th ickness was 0.231 cm (0.084 i n . )  5 0.005 

3.1.4 LAMINATE EVALUATION 

The data presented i n  Tables 5, 6 and 7 are f o r  laminates u t i l i z i n g  
methanol (PMR-15 c o n t r o l )  , methanol/diglyme and ethanol/diglyme solvent 
systems respec t i ve l y .  The pr0cedure.s and methods used t o  measure the  
physical and mechanical p roper t i es  reported i n  these tab les  a re  given 
i n  Appendix D. 

t he  p roper t i es  o f  t h e  laminates which could be a t t r i b u t e d  s o l e l y  t o  a 
t a c k i f i e r  system. 

temperature o f  a t  l e a s t  477'K (400OF) i s  necessary f o r  complete de- 

v o l a t i l i z a t i o n  o f  t he  preforms used i n  t h i s  study. 

These data do n o t  reveal any s i g n i f i c a n t  d i f f e r e n c e  i n  

However, t h e r e  i s  some evidence t h a t  an i m i d i z a t i o n  

The data presented i n  Tables 6 and 7 can be categor ized i n t o  mechanical, 

physical  and thermal proper t ies t o  a i d  i n  t h e i r  i n t e r p r e t a t i o n .  B a r  

graphs have been constructed which compare the  p roper t i es  o f  t he  two 
t a c k i f i e r s  systems as a funct ion o f  t he  i m i d i z a t i o n  cyc le .  
p roper t i es  a t  588'K (6OOOF) a r e  shown i n  Figure 8 and physical  proper t ies 

o f  t he  laminates are shown i n  Figure 9. 

Mechanical 

Retent ion o f  t he  t a c k i f i e r ,  diglyme, i n  the  cured laminates would 

have a p l a s t i c i z i n g  e f f e c t  upon the PMR ma t r i x  a t  e levated temperature, 
r e s u l t i n g  i n  a l o s s  o f  m a t r i x  modulus and strength.  This would reduce 
composite mechanical proper t ies,  namely f l e x u r e  and shear strengths a t  
t he  elevated temperatures. No such t rend  was seen i n  t h i s  study. 

The mechanical p roper t i es  a t  588OK (600°F), which are shown i n  t h e  

bar graph i n  Figure 8, are a l l  c o n s i s t e n t l y  h igh and compare favorably  
t o  the  PMR-15 c l o t h  laminate proper t ies shown i n  Table 5. 

i n  strengths obtained w i t h  laminates i n  t h i s  study can be a t t r i b u t e d  

t o  data s c a t t e r .  

which can be a t t r i b u t e d  t o  e i t h e r  v a r i a t i o n  i n  i m i d i t a t i o n  cyc le  o r  

tack i f i e r system . 

Var ia t ions 

There i s  no i d e n t i f i a b l e  t rend  i n  mechanical proper t ies 
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Table 5. COMPRESSION MOLDING PROCESS STUDY 
PMR-15 CONTROL 

[midi zation Cycle 
Temperature, OK (OF) 

T i m ,  min .  
477 (400) 

GO 

:on;posi t e  Number 17 

Prepreg Properties 
Tacki f i e r  

Resin Contei-,t (cured), % w/w 
Volat i le  Content, % H/W 

Condi t i o v i  ng (1 1 
Nine 
Fresh 
37.88 
10.09 

Inidized Preform Properties 
Resin Content (cured),  % w / w  
Volati ie Content, % w/w 
Extvnt  o f  Volat i le  Expulsion, Z w/w 

35.68 

10.02 
99 

Composite Properties 
Flexural Strength,  MPa (Ksi) 

R.T. 
' 588'K (600°F! 

Flexural Modulus, GPa (Msi) 
R.T. 
583'K ( GOOo F) 

Shear Strength MPa (Ksi) 
R.T. 
588'K (6OOOF) 

Appearance After Molding ( 2 )  

Flow, X w/w 
@ens i ty, g/cc 
Resin Content, % w/w 
f ibe r  Volume, Z v/v 
Void Volume, X v/v 

c 

1010 (146) 
800 (116) 

58 (8.4) 

57 (8.3) 

58 (8 .4)  

46 (6.7)  
E 

0.9 
1.562 
35.28 
57.44 
0 .8  

(1) Fresh prepreg was stored at 243OK C-22"F) for  a maximum o f  10 days. 

(2) E (exce l len t ) ,  uniform srnooth and free o f  surface defects .  
G (good), some surface discoloration near - tke  periphery of tho laminate, 

no vistially detectable porosity 
F ( f a i r ) ,  general surface discoloration and sl igh t  

periphery o f  the laminate 
P (poor), general surface depressions and porosity 

near the 
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To get an indication of any residual solvents or condensation -4 

products in the laminate preforms after the imidization cycles, the vola- 
tile contents of the preforms were determined. These were determined 
by gravimetric methods given in Appendix E. 

of a preform should provide a value for its volatile content that is 
identical to the prepreg volatile content. Preform volatile contents 
that are less than the prepreg volatile would indicate only partial . 

devolatil ization. Division o f  the preform volatile content by the 

Complete devolatil ization 

prepreg volatile content would thus .indicate the efficiency of the 
imidization cycle, with 100% being an optimum value, As can be seen 
in FiSure 9, milder imidization cycles at 450°K (350OF) did not 
completely remove all of the volatile matter from the preforms, while 
essentially all was removed with a 477OK (400OF) cycle. 

Two additional physical properties which are shown in Figure 13 are 
resin flow during molding and laminate void content. 
highly subjective, i.e., they are dependent upon the type of reinforcement, 
mold geometry etc.. However, the data in Ficyre 9 can be used for ' 

comparison purposes; they indicate that higher imidization temperatures 
reduce resin flow during molding. This is consistent with previous work 
with the PMR-15 system (Reference 2). Higher imidization temperatures, 
505'K (45OoF), would possibly reduce flow during molding to a point where 
complete matrix consol idation would not take place. The void contents 
of these laminates were determined on six shear test specimens, which were 
taken from random locations on each laminate. The data shown in Figure 9 
are all indicative of essentially void free, high quality laminates. 
Variation of imidization cycle or tackifier did not have an effect upon 
laminate void content. 
to contain significant residual volatile matter. It might be anticipated 
that higher void content laminates would result from these preforms, how- 
ever, this was not observed. 
stantial volatile matter was released in the mold during the tel? minute 
dwell at 505OK (450OF) under contact pressure. 

The flow data are 

Preforms imidized at 450°K (350OF) were determined 

An explanation for this could be that sub- 

3-1 0 



Thermal mechanical analysis (TMA) was conducted on most of the 
laminates fabricated in this study, 
of the laminates are given in Tables 5 through 7. A representative TMA 
profile is given in Appendix C. With all laminates, both improved tack 
PMR and PMR-15 control there was an increase in the expansion rate of all 
o f  these laminates between 543'K (518OF) and 588'K (60OOF). This 
indicates that the apparent glass transition temperatures of the laminates 
are in this range and are 28'K (5OoF) to 56'K (10OOF) less than the glass 
transition temperatures found for the analogous neat resin samples (Table 4) 
This anomaly was perplexing because the mechanical properties of the 
laminates at 588'K (600OF) were indicative of a material still below its 
T That is, flexure and shear specimens failed in a brittle mode, which 
was indicative of a cured matrix possessing relatively high modulus. The 
TMA instrumentation and experimental technique was critically reviewed to 
see if the expansion curves might be erroneous. 
found, so the transitions interpreted from the TMA profiles were considered 
realistic. 

Tha apparent transition temperatures 

9' 

No discrepancy could be 

A possible explanation for this discrepancy could be matrix failure 
on a micromechanical scale caused by induced thermal stresses. In 
0'-90'' i .e., fabric, laminates relatively high matrix compressive stresses 
exist in the fiber directions due to the negative coefficient of expansion 
of the reinforcement. This will cause high matrix tensile stresses to 
be induced in the direction perpendicular to the plane of the laminate 
because of a poisson's ratio effect. 
local matrix failure could occur; the remaining intact matrix would 

In areas o f  high stress concentration 

naturally have to experience a higher strain to maintain the same average 
induced stress in the direction perpendicular to the plane o f  the laminate. 
Conceivably the induced thermal stresses could be high enough at 
temperatures below the true matrix T 
fracture could occur. The resultant laminate strain increase would mask 
any real increase in the rate of expansion of the matrix. 

so that microstructural matrix 
g' 
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If this concept is valid there should be a higher coefficient 
expansion seen in fabric laminates than in unidirectional laminates, 
This would be expected since compressive matrix stresses are present 
in two directions in fabric laminates but are present only in one 
direction in unidirectional laminates. The coefficients of thermal 
expansion, in this direction, for the PMR-15 control fabric 

respectively. 
which might imply that induced thermal strains were masking the actual 
T 'S of the matrix in the fabric composites. 

the compression molding process study, numbers 1 through 16, was 
conducted using the procedures and apparatus described in Appendix B. 
Weight losses of triplicate specimens, 5.1 cm x 1.3 cm x 0.23 cm (2.0 in. 
x 0.5 in. x 0.09 in.), from each laminate were monitored. 
data for these laminates, which were exposed to 588'K (600OF) are 
summarized in Figures 10 through 13. 
imidized at various times and temperatures are presented in Figures 10 
and 1 1 .  

and unidirectional laminates were 5.23 x 10 -5 OC-' and 3.44 x 10- 5 oc-1 

This is a significant difference in expansion coefficients, 

\ 

9 
The isothermal gravimetric analysis of the laminates fabricated in 

Weight loss 

The data for laminates which were 

Figures 12 and 13 present data for laminates which were processed 
identically, using fresh and aged prepreg, and thus give an indication 
of reproducibility. 

All of these data are similar to that reported for conventional 
PMR-15/C-3000 cloth laminates (Reference 3). 
tackifier, diglyme, has not had a grossly deleterious effect upon the 
thermogravemetric behavior of these cloth laminates. However, in an 
attempt to define any possible effects of the imidization cycle and possible 
residual diglyme upon thermal stability, the data in Figures 10 and 1 1  
have been further reduced in Figure 14. This bar graph shows how the 
weight loss, after 600 hours exposure at 588'K (6OO0F), of the cloth ' 

laminates varies with increasing degrees of imidization. These data have 
been normalized in terms of resin content to provide more meaningful com- 

Apparently, the use of the 

parison. Weight loss data at elevated temperatures are certainly a 
function of many factors and generally exhibit high variability. 
data in Figure 14 do vary. 

The 
However, there appears to be trend to less 
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30/450 

1 

60/450 

IMIDIZATION CYCLE, TIME/TEMPERANRE, (MIN/OK) 

F I G U R E  14. LAMINATE WEIGHT LOSS AFTER 600 HOURS 'EXPOSURE TO 589'K (600'F) 

METHANOL/DIGLYME SOLVENT 1-1 
ETHANOL/DIGLYME SOLVENT 

(1) lJEIGHT LOSSES ARE NORMALIZED TO A LAMINATE R E S I N  CONTENT O F  34%: 

LAMINATE R E S I M  
N O R M L I Z E D  GIEIGHT LOSS (%)  = MEASURED WEIGHT LOSS x 
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weight loss with greater degrees of imidization. This probably is a 
realistic trend. 

In summary, the mechanical properties of all the laminates evaluated 
in this section were comparable to those of a PMR-15 control laminate. 
In addition these properties were independent of the imidization cycles 
or tackifiers which were studied. The laminate physical properties were 
somewhat dependent upon the imidization cycle. 
tion of the preform, adequate resin flow during molding and low laminate 
void content an imidization cycle of. one hour at 477'K (400OF) appeared 
necessary. 
477'K (400OF) produced laminates o f  higher thermoxidative stability. 
TMA analysis of fabric laminates produced values for matrix glass 
transition temperatures which were abnormally low. This c.ould be 
attributable to matrix failure on a micromechanical scale due to induced 
thermal stresses. 

For optimum devolatiliza- 

In addition there was slight evidence that imidization at 

3.2 HOT MELT COATED PREPREG EVALUATION 

In this section the preparation of hot melt processable improved 
tack PMR resins and prepregs is discussed. The effects of aging upon 
tack lives of these materials is given. Prepreg processing and laminate 
evaluation of these materials are summarized and compared to the results 
found for solution impregnated prepregs. 

3.2.1 HOT MELT RESIN PREPARATION 

Hot melt, versions of the improved tack PMR system, based on the 
dimethyllor diethyl ester of BTDA, were prepared by using the ratio 
o f  ingredients .shown for formulation 2. However, the excess 
amounts of either methanol or ethanol used for carrier solvent purposes 
were eliminated. In this procedure the tackifier, diglyme, was used as 
the solvent for the esterification of the BTDA. Each mole of BTDA was 
esterified with equivalent amounts (two moles) of either methanol or 
ethanol. 
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A resin ke t t l e  equipped w i t h  an e f f i c i en t  stirring paddle, heating 
mantle, thermocouple w i t h  strip chart  recorder , and reflux condenser was 
employed for  the preparation of a l l  of the hot melt formulations. Esteri-  
f icat ion was performed by mix ing  the  BTDA, appropriate alcohol and diglyme 
a t  room temperature. T h i s  was slowly heated a t  l0K/min (Z°F/min) ;  between 
353OK and 363'K (175OF and 195OF) the slurry transformed i n t o  a clear 
solution. The solution was heated an additional 15 minutes a t  373OK 
(212OF) and then  cooled. T h i s  resul tant  solution had a d ies te r  concentra- 
t ion of 69% w/w. Upon cooling t o  339'K (150OF) the remaining NE and MDA 
so l ids  were added. A l l  ingredients dissolved w i t h i n  5 minutes. This 
mixture was degassed by using an aspirator vacuum source f o r  5 minutes. 
The uncured resin sol i d s  concentration of these formulations was 83.3% 
w/w. The consistency o f  these resins appeared ideal for hot  melt pro- 
cessing. Both were s d i - s o l i d  a t  ambient temperatures, and b o t h  thinned 
t o  l i g h t  syrup consistency (1,000 cps - 10,000 cps) a t  328'K ( 1 3 O O F ) .  

To verify tha t  a h i g h  conversion of the  dianhydride t o  dies te r  had 
taken place, chemical analysis for residual anhydride was performed on the 
h i g h  sol ids  BTOE products. The resu l t s  of this volumetric and infrared 
spectral analysis a r e  given i n  Table 8. The t i t r a t i o n  method i s  summarized 
on the table ,  and a detailed procedure i s  referenced (Ref. 41.The volumetric 
analysis of the BTDA, the BTDE methyl e s t e r  and the'BTDE ethyl es te r  i n -  
d icate  tha t  about 95% of the anhydride groups have been es te r i f ied .  Similar 

A confirmation of t h i s  conversion was obtained by infrared analysis.  
These resu l t s  indicate tha t  es te r i f ica t ion ,  by this hot melt technique, 
was nearly quantitative.  The composition o f  these BTDE es te r  products 
should be essent ia l ly  d ies te r  and t h u s  nearly identical t o  the  BTDE obtained 
by the conventional technique of refluxing BTDA i n  a 50% w/w solut ion i n  

ons' of BTDE contain very l i t t l e  
t r i  and t e t r aes t e r  formation 
be avo'ided ( 

alcohol. However, since the hot me1 t vers 
residual alcohol , the inherent problems of  
of BTDE solutions over long periods should 
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The GPC analysis o f  BTDE solut ions,  69% w/w i n  diglyme and 50% w/w 
i n  methanol, which were aged a t  ambient temperatures f o r  up t o  three 
months, i s  discussed i n  Section 3 .3 .  

3.2.2 HOT MELT PREPREG PREPARATION 

Prepreg was prepared using t h e  Celion-3000 woven fab r i c  described 
i n  Section 2.2. 

Prepreg manufacture involved cast ing a t h i n  f i l m  o f  res in  and then 
pressing the  r e s i n  f i l m  through the . fab r i c .  The f i l m  was prepared by 

pouring a preweighed, warm, 322'K (120°F), amount o f  r e s i n  upon a sheet 
o f  mylar. 
A Gardner Kni fe  was used t o  cast t he  f i l m  i n  a uniform thickness. Upon 

p u l l i n g  the sheet o f  my la r  and r e s i n  beneath the  k n i f e  edge, i t  was 
possible t o  obta in  r e s i n  f i l m s  reproducible t o  5 10% i n  thickness. 
Exposure o f  t h e  t h i n  f i l m  0.020 cm (0.008 inch)  t o  the elevated tempera- 
t u r e  was kept less than 30 seconds t o  avoid possible loss o f  the t a c k i f i e r .  

I n  t h i s  experimentation, calculated v o l a t i l e  contents o f  the hot me1 t 
prepregs and experimental ly determined v o l a t i l e  contents were i den t i ca l  
w i t h i n  experimental e r ro r .  Thus, it was determined tha t  very l i t t l e  

t a c k i f i e r  was l o s t  dur ing the  f i l m  cast ing step. Impregnation o f  the  
f a b r i c  was completed by p lac ing t h e  c l o t h  upon the f i l m  and p lac ing a 
second sheet o f  mylar upon t h e  c lo th.  This sandwich was placed i n  a 
press preheated t o  333'K (14OoF), and w i th  the  a i d  o f  a s i l i cone  rubber 
pressure pad the  res in  f i l m  was squuezed through the  f i be rs .  The time 
and pressure required f o r  t h i s  step were one minute and 20 Kpa ( 3  p s i )  

respect ively.  Upon removal o f  the  top mylar sheet the  prepregs appeared 
t o  be completely wetted by resin, uniform i n  q u a l i t y  and qui te  tacky. 

3.2.3 LANINATE AGING 

This  was placed upon a hot p la te  heated t o  333'K (140'F). 

Tests conducted t o  determine the  tack l i v e s  o f  these prepregs i n  the 
manner described i n  Section 3.1.2 where so lu t ion  coated mater ia ls were 
evaluated showed t h a t  an acceptable leve l  o f  tack remained i n  each of 
the candidate ho t  melt  prepregs f o r  a per iod o f  ten t o  fourteen days 

and thus exh ib i ted  essen t ia l l y  t he  same tack charac ter is t i cs  as the 
so l  u t  i o n  coated prepregs. 
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3.2.4 LAMINATE PROCESSING 

T h i s  task was intended to  demonstrate-that the hot melt versions 
of the  improved tack PMR prepregs could be'processing i n  a manner 
identical t o  the solution coated improved tack PMR prepregs. The'most 
promising cycle defined i n  Section 3.1.3 was used to  fabricate these 
1 ami nates. 

3.2.5 LAMINATE EVALUATION 

The resu l t s  a r e  shown i n  Table 9 . fo r  laminates fabricated from hot 
melt coated prepreg. 
shows t h a t  a l te ra t ion  of the tack i f ie r  system d i d  not adversely a f fec t  the 
quali ty of the laminates. 
were equivalent t o  those laminates prepared from solution impregnated 
fabric.  The results of the isothermal gravimetric analysis o f  sections 
of these laminates a re  shown i n  Figure 15. The weight  losses of these 
laminates upon exposure t o  588'K ( 60OoF) were comparable: t o  those found 
for  laminates molded from solution coated prepreg. 

Inspection of the  properties given i n  this tab 

In addition, the properties of these laminates 
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Table 9. COMPRESSION MOLDING PROCESS STUDY 
HOT MELT SYSTEMS 

'rep reg Pro perti es 
Tackifier 

Resin Content (cured), % w/w 
V o l a t i l e  Content, X w/w . .  

Condi tionlng (1 1 

[ m i d i  zed Preform Properties 
Resin Content (cured),  % w/w 
Volatile Content, 16 n/w 
Extent o f  Volattle Exputsion, % w/w (2 1 . . 

Conposi te Properties 
Flexural Strength, MPa (Ksi) 

R.T. 
588% (60(t°F) 

8.7. 
588OK (BOOOF) 

R.T. 
588'K (600'F) . 

Flexural Modulusr GP8 (Msi) 

Shear Strength MPa (.hi) 

Appearance After Holding (*) 
Flow, X w/w (5) 
Dens i ty  , g/cc (6 1 
Resin Content, % w/w 
Fibcr Volume, X v/v 
Void Volume, X v/v 

477 (400) 

60 

. .  . 1 3 .  . . . . .  

hthanol /DI glyne 
. Fresh 

33.3- 
. . .  12.1.. ' 

31.8 
11.8 
98 

. . . . . . . . . . . . . . . . . .  

931 (135) 
683 ( 99) 

60 (8.7) 
61 (8 .9 )  

63 (9.1) 
39 (5.6) 

G 
0.5 
1.577 

31.99 
611.94 

. 0.*8 

477 (400) 
60 

14 - 
E t  ha no1 / M gl yme 

Fresh 
33.3 
12.5 

34.42 
13.3 

106 
. . . . . . . . .  - 

\ 

1027 (149) 
600 ( 87) 

61 (8.8) 
52 (7.6) 

68 (9.8) 
40 (5.8) 

E 
1.2 
1.570 

34.39 
58.53 
0.6 

(1) Fresh prepreg uas stored r t  243OK C-22uFI- for a maxlmum of 10 days. 

E (excellent), uniform smooth and free o f  surface defects. 

G (good), some surface dlscoloratiofi near the periphery o f  the laminate, 

F ( fa i r ) ,  general surface discoloration and slight porosity near the  

P (poor), general surface depressions and porosity 

no visually detectable porosity 

periphery o f  the laminate 
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3 . 3  GEL PERMEATION CHROMATOGRAPHY STUDIES 

The GPC so lu t i on  studies were attempted t o  completely i d e n t i f y  
and poss ib ly  quant i fy a l l  of the  monomers, po ten t i a l  s ide products and 
adducts, i.e., t r i e s t e r s  and te t raes ters  and nadimides, o f  the  improved 
tack PMR formulations. The columns, mater ia ls  and.procedures used were 

i d e n t i c a l  t o  those reported by K, E. Reed [Reference 6). 
v e r i f y  t h e  i d e n t i t y  of the  components separated dur ing t h i s  study, t he  
i nd i v idua l  components, BTDE, NE and MOA, were i n jec ted  i n t o  the  columns 
and t h e i r  e l u t i o n  times determined. BTDE and NE e lu ted  as reported 
(Reference 6). However, MDA was reta ined on the  columns, and cont inual  
condi t ion ing o f  the  columns wi th  methanol and water d i d  no t  f ree  the  MDA 

I n  order t o  

from the  columns. 

For expediency purposes, the  GPC analys is  technique was d i rec ted  t o  
compare t r i e s t e r  and te t raes te r  formation i n  the  hot  me l t  and so lu t ion  
versions o f  the  dimethyl ester  o f  BTDA wi th  t ime on exposure t o  ambient 
temperature. 

Separation o f  t h e  components o f  the  dimethyl es te r  o f  BTDA, which was 
prepared by both ho t  me l t  (Section 3.2.1) and methanol so lu t i on  (Section 2.1) 
techniques , was r e a d i l y  accomplished. These r e s u l t s  are summarized i n  
Table 10. Deta i l s  o f  t he  procedures and equipment used and a representat ive 
chromotograph i s  given i n  Appendix E. For t h i s  study, i n  order t o  e l im ina te  
any batch-to-batch v a r i a b i l i t y ,  one 50% w/w so lu t i on  o f  BTDE i n  methanol 
and one 69% w/w so lu t i on  o f  BTDE i n  methanol and one 69% w/w so lu t ion  o f  
BTDE i n  diglyme were prepared, and samples o f  these were stored a t  room 
temperature or a t  253'K (-4OF) f o r  the times shown i n  Table 10. Storage 
of BTDE so lu t ions  a t  t h i s  reduced temperature has been shown t o  e f f e c t i v e l y  

e l iminate t h e  formation o f  t r i e s t e r s  and te t raes ters  (Reference 5). The 
components e l u t i n g  around 300 seconds and 330 seconds have been shown t o  
be the d ies te r  and t r i e s t e r  o f  BTDA respect ive ly  (Reference 6). The r e s u l t s  
of t h i s  study show t h a t  some t r i e s t e r  o f  BTDA has been formed i n  the hot 
m e l t  formulat ion (13278-44-2) dur ing preparation; however, w i th  t ime the 
concentration o f ' t h e  higher ester  has remained essen t ia l l y  constant. 
A s i m i l a r  concentration of t r i e s t e r  was formed dur ing the  preparat ion o f  
the 50% w/w so lu t i on  of BTDE i n  methanol. Also, i t  was t h a t  a f t e r  100 days 
there was a 50% increase o f  t he  t r i e s t e r  concentration i n  t h i s  so lut ion.  

3-25 



m w 

z 
0 
l-4 

k 
-1 
0 m 

0 

W 
-1 

? 

m 
3 

I I 

- m  
k N  
. .  
n 

N O  
CnM 
N M  

m 
0 
F 

0 

m 
I n 

3-26 



< i  

4.0 COMPRESSION MOLDING PROCESS DEVELOPMENT USING UNIDIRECTIONAL PREPREG 

In this phase of the program the composite mechanical properties of 
the improved tack PMR system employing the methanol/diglyme solvent 
system, before and af ter’  long term aging a t  588°K ( 6 O O 0 F ) ,  were collected. 
These resu l t s  were compared w i t h  data for  an unmodified PMR-5 composite control 
i n  order t o  ident i fy  any potential long term deficiencies w i t h  the use 
of the new system. Unidirectional prepreg was prepared and laminates, 

material - i n  four d i f fe ren t  conditions .of storage. ’ 

21,6 cm x 0.23 cm (8.5 i n  x 8.5 i n  x 0.09’ in ) ‘ ,  were molded from 
b 

Methanol, the conventional ca r r i e r  solvent for the PMR systems, was selected 

because i n  this study there were no s ignif icant  impravements i n  the tack 
character is t ics ,  processabili ty or  mechanical properties of the prepregs and 
composites which employed ethanol as a ca r r i e r  solvent. 

4.1 PREPREG PREPARATION 

Unidirectional prepreg was prepared w i t h  Cel Son-6000 continuous f ibe r  
yarn. 
procured from the Celanese Corporation. 
were surface oxidized b u t  were f ree  o f  any polymer s i z i n g .  

The f ibers  used for  the development o f  compasfte data were specially 
Two fiber l o t s  were employed; both 

These dry f ibers  were collimated.on a drum w i t h  a circumference of 
The drum 

The yarn was 

T h i s  dimension i s  representative o f  cammer- 

240 crn (94.4 i n ) .  
was mounted on a l a t h e ,  and the yarn was wrapped upon i t  a t  consistent 
intervals  by metering the yarn through the la the  headstock. 
wound a t  12  tows per inch; this provided a cured ply thickness of approxi- 
mately 0.018 cm (0.0072 in) .  

Elylar film was used as  a backing material. 

c i a l l y  prepared materials. ‘ .  _. 

Impregnation was carried out by metering the resin solution onto the 
fi,ber surface with’a pe r i s t a l t i c  pump. 
appropriate amount of solution was used t o  provide a cured resin content 
of 35.0% w/w. In such a manner i t  was possible t o  produce unidirectional 
prepreg w i t h  resin contents t ha t  were reproducible t o  - + 2% w/w, i n  batch t o  

batch preparation. 

By knowing %he f iber  weight, an 
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The prepreg was then d r i e d  20 t o  24 hours on the drum, under a hood 
a t  ambient conditions. A f t e r  t h i s  exposure, t he  prepreg v o l a t i l e  content 
reaches 12 t o  12.5% w/w. This provided the prepreg w i t h  promising tack 
and drape. A t  t h i s  stage the prepreg was e i t h e r  fabr icated i n t o  laminates, 
aged a t  ambient condi t ions o r  stored i n  sealed polyethylene bags a t  reduced 
temperatures. 

4.2 PREPREG AGING 

Prepreg handleabil  i t y  propert ies o f  un id i rec t i ona l  tape were determined 

by employing the same techniqrres used on t h e  f a b r i c  prepregs which were 
evaluated i n  Sections 3.1.1 and 3.2.2. Data determined on f r e s h l y  prepared 
un id i rec t i ona l  tape and tape aged f o r  t h i r t y  days a t  278OK ( 4 O O F )  t h a t  t he  
tack 1 i f e  o f  the un id i rec t i ona l  prepregs averaged fourteen days. This 
tack l i f e  was less  than t h a t  found with f a b r i c  prepreg (* 21 days). 
However, since the  un id i rec t i ona l  tape was about one h a l f  the  thickness o f  
the f a b r i c  prepreg (cured p l y  thickness of 0.018 cm vs. 0.036 cm (0.007 
in. versus 0.015 inch), i t  would be expected t h a t  t he  t a c k i f i e r  had d i f f used  
fas te r  through the un id i rec t i ona l  prepreg. This should cause a shorter 
tack l i f e  i n  the th inner  mater ia l .  

4.3 LAMINATE PROCESSING 

The most promising compression molding process cyc le  i d e n t i f i e d  
i n  Section 3.1 was used t o  mold the l a r g e r  [i.e., 21.6 cm x 21.6 cm 

x 0.23 cm (8.5 i n  x 8.5 i n  x 0.090)] composites i n  th is  task. A l l  possessed 

some surface areas o f  incomplete prepreg consol idat ion (I\( 10% o f  the t o t a l  
area) . These laminates were sectioned, pol ished and examined microscopical ly. 
Sections which exh ib i ted  the most severe surface flaws had i n t e r i o r  macrovoids, 
0.025 - 0.0025 cm (0.01 - 0.001 in.) i n  dimesion, f i l l i n g  approximately 2% 
t o  5% o f  the volume. Sections which had smooth laminate surfaces had very 

low apparent void volumes (based on visual  examination these were l ess  t h a t  
0.5% v/v). The r e s i n  f low o f  the laminate, i.e., t he  weight o f  the r e s i n  
f l a s h  d iv ided by the laminate weight, was l ess  than 0.4% w/w. Apparently 

t h i s  low f lash l e v e l  was i n s u f f i c i e n t  f o r  t o t a l  consol idat ion o f  the  
composite t o  occur. 
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steps : 

(1 1 

( 3 )  

(4) 

(5) 

(9 )  

For 

Imidize preform i n  an a i r  c i rculat ing oven for  
60 minutes a t  477OK (400°F) 

Place the preform i n  a mold, b o t h  of which are  
a t  ambient temperature 

Attach a thermocouple to  the preform 

Place the mold i n  a press which has been preheated t o  
603OK (625OF) and apply contact pressure 

When the laminate temperature reaches 505°K 
(450°F) a t  a r a t e  between 22"C/min and 44OC/min 
(40"F/min and 80"F/min) apply 4.8 MPa (700 psi) 

When the laminate reaches 561OK (550°F) 
reduce the press temperature t o  5 9 9 O K  (600OF) 

Hold a t  588OK (600OF)fir one hour 

Cool laminate t o  505°K (450OF) under fu l l  
pressure and then cool t o  room temperature 
under contact pressure 

Postcure a t  588°K (6OOOF) for 16 hours 

devolati l ization and imidization, twelve pl ies  of prepreg, 21.6 x 

In order t o  obtain increased resin flow d u r i n g  molding, an a l t e r -  
native molding cycle was employed. T h i s  cycle, recommended by the program 
manager a t  NASA Lewis Research Center, provides a much higher mold heating 
ra te  and allows the resin t o  obtain a higher temperature and lower viscosity 
before gelation. 
higher resin flow. 

T h i s  change i n  the  process cycle provided the necessary 
The modified cycle i s  summarized i n  the following 

21.6 cm (8.5 x 8.5 i n )  were placed between two pieces of porous teflon 
coated release fabric  and two pieces of 181 s t y l e  E glass. Caul sheets 
of t h i n  a l u m i n u m  were used for  support on top and bottom of the preform 
stops, 0.64 cm (0.25 i n )  thick,  were placed between these sheets,  and a 
weight ,  Q 0.5 Kg (1 l b . )  was placed upon the top caul. T h i s  was done t o  
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eliminate any posit ive pressure upon the preform d u r i n g  the i n i t i a l  stages 
of imidization. 
washing of the prepreg would occur upon the application of even a s l i g h t  
posit ive pressure. 
Hewlett Packard Model 680 s t r ip  chart  recorder for  a l l  preforms and 
laminates. 
time precision was maintained w i t h i n  + 10% min /min  dur ing  the imidization 
and molding processes. Cured laminate thickness was 0.218 cm (0,086 i n . )  
- + 0.005 cm (0.002 i n . ) .  

A t  this stage the resin was very f l u i d  so tha t  f iber  

A time and temperature prof i le  was plotted u s i n g  a 

Temperature precision was maintained w i t h i n  + 1% O K / O K ,  and - 
- 

By using this process i t  was possible t o  obtain laminates which were 
100% consolidated. Cross sections showed no appreciable voids. Resin 
flow of these laminates was about 1 %  w/w. T h i s  was roughly twice tha t  of 
laminates made using the original cure cycle which employed-a slower 
heating rate.  

In addition, several control laminates were fabricated us ing  the 
conventional PMR-15 system. Unidirectional C-6000 prepregs were prepared 
u s i n g  materials and techniques identical t o  the improved tack PMR/C-6000 
prepreg, w i t h  the  exception of the omission of the diglyme. The modified 
f a s t  heating ra te ,  cure cycle was used to  fabr icate  these large laminates. 
These laminates exhibited s ignif icant ly  higher flow, about 2% w/w, than the 
improved tack PMR laminates. The higher resin flash completely f i l l e d  the 
mold cavity. 

improved tack PMR powders, which were imidized for one hour a t  477OK 
(400°F), showed s ignif icant  differences i n  the viscosity of these materials. 
When the PMR-15 control powder instant ly  melted and became almost watery 
i n  nature while the improved tack PMR powder melted bu t  appeared t o  be o f  a 
honey-like consistency. 
appears tha t  the viscosi ty  of the improved tack PMR material was 
s ignif icant ly  higher than tha t  o f  the PMR-15. 

A cursory examination of the melt behavior of the PMR-15 control and 

Rased upon these qual i ta t ive observations, i t  

4.4 LAMINATE EVALUATION 

The data ref lect ing the quali ty,  thermal s t a b i l i t y ,  physical properties 
and mechanical properties of the large 21.6 cm x 0.23 (8.5 i n  x 8.5 i n  x 
0.09 i n ) ,  unidirectional laminates selected for  this study are  presented 
i n  Tables 11 through 15. Included i n  Table 11 a re  data for  the PMR-15 
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control laminate, while i n  Tables 12 through 15 present data for 
improved tack PMR laminates. 
d i t i o n e d  for  four different  periods as i s  noted on the tables .  
specimens were tested a f t e r  a 16 hour postcure a t  588°K (600°F) and a f t e r  
isothermal aging for  300, 600 and 1000 hours a t  588'K (600°F). The physical 
properties of a l l  the specimens were excellent w i t h  f iber  volumes i n  the 

The improved tack PFlR prepregs were con- 
These 

57% to  61% v/v range and void volumes l e s s  than 1% v/v .  The mechanical 
properties, a t  588°K (6OO0F), o f  the  improved tack PMR/C-6000 laminates 
were 10% to  15% higher than those of the PVR-15 control laminate. 

4.4.1 U1 trasonic C-Scan Inspection 

A l l  of the large unidirectional laminates fabricated were subjected t o  
ultrasonic C-scan inspection. This evaluation was performed by Sonic 
Engineering Inc., i n  South Gate, California, a firm which specializes i n  
non-destructive tes t ing.  
were selected for  fur ther  evaluation are  given i n  Appendix F. All of these 
laminates were processed using a press preheated t o  588°K (600'F) t o  
obtain a heating ra te  rapid enough t o  provide resin flow adequate for  
complete laminate consolidation. Even though v isua l  inspection indicated 
tha t  these appeared t o  be h i g h  qua l i ty  laminates, the ultrasonic inspection 
revealed re la t ive ly  small void defects t o  be present i n  some o f  the 
laminates. 
prepreg aging condition was required for  evaluation. These small defect 
areas were removed and only laminate specimens containing zero defects 
were employed i n  long term aging studies. 

Representative C-scans of the nine laminates which 

Only about 50% of the area of  each s e t  of two laminates for  each 
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Table 11. PROPERTIES OF IMPROVED TACK PMR/C-6000 UNIDIRECTIONAL LAMINATES 
METHANOL SOLVENT (PMR-15 CONTROL) FRESH PREPREG I 

Composite No. 
C-600 Fiber Lot No. 
U l t r a  Sonic C Scan Figure No. 

Resin Content (cured), ‘y w/w 
V o l a t i l e  Content, % w/w 

*Resin Content (cured) , 4! w/w 
V o l a t i l e  Content, % w/w 
Extent o f  V o l a t i l e  Expuls.ion, X w/w 

Prepreg Propert ies 

Imidized Preform Propert ies 

Composite Propert ies 
Aging Time a t  588°K (600 F), hr. 

Composite Section 
Flexural  Strength, MPa ( t s i )  (l) 

I?. 1. 
588°K (600°F) 

Flexural  Modulus, GPa ( M 1 . i )  

R. T. 
588’K (600OF) 

I Shear Strength, MPa (ks i  I (2) 
R. T. 

~ 

I 588°K (6OOOF) 
I 

I Weight Loss, % 

TMA Figure No. 

Glass Trans i t ion  Temperacure, “K (OF) 

Density, g icc 
Resin Content, % w/w 
Fiber Volume, % v/v 
Void Volume, % v/v 

(1) T r i p l i c a t e  specimens. 
(2)  Qu in tup le t  specimens. 

0 

18 

2013 (292) 
1014 (147) 

116 (16.8) 
104 (15.1) 

127 (18.4) 
56 (8.1) 

0 
C-17 
606 (63’1) 

1.583 
35.08 
58.40 
-0.47 

I - . .- 

18 
CpA-7-9Y-31 

F-1 

35.41 
9.57 

35.28 
9.21 

96.2 

300 
18 

1262 (183) 

108 (15.6) 

66 (9.5) 

0.86 

599 (61’8) 

1.586 

C-18 

‘34.79 
58.74 
-0.54 - 

600 
18 

1151 (167) 

108 (15.6) 

63 (9.2) 

2.29 
c-19 
61 2- (642) 

1.590 
32.99 
611.52 
-0.25 

1 

1000 
18 

1069 (155) 

104 (15.1) 

125 (18.21 
60 (8.7) 

4.40 
c-20 

609 (637 

1.584 
32.46 
60.78 
-0.25 

1 
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4.4.2 ISOTHERMAL GRAVIMETRIC ANALYSIS 

Isothermal ,g rav imet r ic  analyses were conducted on laminate plaques , s i z e  

10.2 x 10.2 x 0.23 cm (4.0 x 4.0 x 0.90 i n . )  taken from composites molded 

from t h e  PMR-15 c o n t r o l  prepreg and from t h e  improved tack  PMR prepregs. 
The weight loss data shown i n  Fi'gure 16 ' represents  average values f o r  each 

s e t  o f  laminate plaques. As can'be seen i n  F igure 16, t h e  t a c k i f i e r ,  
diglyme, has no t  had an adverse e f fec t  upon t h e  thermal s t a b i l i t y  o f  these 

PMR laminates. I n  add i t ion ,  t h e  ag ing lo f  t h e  improved tack  prepreg had 
no n o t i c a b l e  e f f e c t  upon laminate weight l o s s  a t  t h i s  e levated temperature. 

The improved tack  PMR laminate plaques l o s t  roughly  4.5% t o  6% o f  t h e i r  

i n ' i t i a l  weight a f t e r  1000 hours o f  aging a t  588'K (600OF) w h i l e  t h e  PMR-15 
con t ro l  l o s t  4.5% o f  i t s  weight. S i m i l a r  aging s tud ies  on PMR-15/C-6000 
laminates conducted a t  NASA Lewis Research Cenger, which have r e c e n t l y  

been publ ished (Reference 7),  show near l y  i d e n t i c a l  r e s u l t s  [ i . e . ,  weight 
losses i n  the  4% t o  6% range a f t e r  1000 hours exposure t o  588'K (600°F)]. 

4.4.3 LAMINATE PHYSICAL PROPERTIES 

. The r e s i n  contents o f  t he  sho r t  beam shear specimens machined from 
t h e  laminate plaques examined i n  t h i s  study were determined by a c i d  
d iges t i on  techniques. The dens i t i es  o f  these specimens were found by 
water displacement methods. 

volumes and vo id  volumes o f  t h e  var ious samples. 
data i n  Tables 11 through 15, a l l  o f  t he  v o i d  volumes were low, l ess  

These data were used t o  c a l c u l a t e  t h e  f i b e r  

As can be seen from the  

than 1% v/v, and i n d i c a t i v e  o f  h igh  q u a l i t y  laminates. Some o f  these 

values were l e s s  than zero; they  a l l  corresponded t o  laminates fab r i ca ted  

us ing t h e ' f i b e r  l o t  HTA-7-9Y31. 
anomaly was l o t - t o - l o t  v a r i a b i l i t y  o f  t he  f i b e r  dens i ty .  

l i t e r a t u r e .  quote f i b e r  dens i t i es  as t y p i c a l l y  being 1.77 g/cc (0.064 l b / i n  ) 
and, as a minimum, a t  l e a s t  1.72 g/cc (0.062 l b / i n  ) .  
va lue o f  1.76 g l c c  (0.0635 l b / i n  ) was employed. 

3 f i b e r  l o t  HTA-7-9Y31 had a dens i t y  c lose  t o  1.80 g/cc (0.065 l b / i n  ) .  
Th is  va lue would have provided cons is ten t  v o i d  volume values, i.e., 
between 0% and 1% v/v, f o r  a l l  laminates conta in ing  the  HTA-7-9Y31 f i b e r  

l o t .  
repor ted  f i b e r  volumes; laminates employing t h e  denser f i b e r s  would have 

It i s  q u i t e  probable t h a t  t h e  cause o f  
Celanese product 

3 
3 

It i s  q u i t e  l i k e l y  t h a t  

I n  t h i s  study a 
3 

Such v a r i a t i o n  i n  f i b e r  dens i ty  would have s l i g h t  e f f e c t  upon t h e  
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f ibe r  volumes about 1% t o  2% v / v  lower than reported. 
i f  this was the case, the f iber  volumes of a l l  of these specimens were 
w i t h i n  the  program objective of  59% - + 2% v f v .  This consistency should 
allow for  r e l i ab le  comparison of the laminates mechanical properties. 

However, even 

A suff ic ient  number of improved tack PMR laminates were fabricated 
As can be seen from the  data i n  Tables 

11 through 15 two laminates were molded for  each prepreg aging condition. 
t o  demonstrate reproducibil i ty.  

Parallel  evaluations of post cured only specimens from these pairs of 
laminates have demonstrated reproducibility i n  terms of f iber  volume, 
void volume and elevated temperature flexure and shear strengths. 

TMA analysis of a se lec t  number of  these specimens was performed. 
The apparent glass t rans i t ion  temperatures of these composites a re  
reported i n  Tables 11 through 15, and a representative expansion prof i le  
is  given i n  Appendix C.  Inspection o f  the reported Tg's shows that  
there  i s  no detectable difference in the thermal temperatures between 
the improved tack PMR and PMR-15 control composites. However, there 
appeared to  be a correlation i n  the apparent g l a s s  t ransi t ion temperature 
and the type of material analyzed. T h i s  i s  highlighted i n  Table 16. 

Bulk Resin 
Unidirectional Composite 
Woven Composite 

TABLE 16. TYPICAL GLASS TRANSITION TEMPERATURES 
OF BULK AND R E I N F O R C E D  PMR MATERIALS 

61 3-623 OK (644-662:F) 
594-605 OK (61 2-630,F) 
543-588 OK (518-600 F )  

A ra t ionale  for  these variations i n  Tg was discussed i n  Section 3.1. 
T h i s  involved suspected matrix fa i lure  on a microstructural level due 
to  induced thermal s t r e s s  , i n  the composite. 

4.4.4 LAMINATE MECHANICAL PROPERTIES 

The e f fec t  of isothermal aging a t  588'K ( 6 O O O F )  upon the elevated 
temperature mechanical properties of the laminates i s  graphically 
presented i n  Figures 17  through 19. The properties of the PMR-15 control 
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specimens found i n  t h i s  study were q u i t e  s i m i l a r  t o  those recen t l y  

repor ted by Vannucci (Reference 7) .  The change i n  f l e x u r a l  s t rength  
and modulus w i t h  exposure t ime are given i n  Figures 17 and 18 .  These 
proper t ies  a re  h i g h l y  f i b e r  dependent and u s u a l l y  e x h i b i t  a l a r g e  

degree o f  s c a t t e r  so the  curves p l o t t e d  i n  these graphs should on l y  
be i n te rp re ted  t o  i n d i c a t e  t rends. The most obvious t rend  seen i n  
these p l o t s  i s  t h e  i n i t i a l  increase i n  elevated temperature f l e x u r a l  

s t rength  and modulus, a t  about 300 hours o f  exposure, and the steady 

decrease the rea f te r .  The change o f  t h e  elevated temperature in te r laminar  
shear s t rength o f  these specimens w i t h  exposure t ime i s  shown i n  
Figure 19. This  proper ty  i s  much more r e s i n  dependent, less  subject  t o  
data sca t te r  and gives a b e t t e r  i n d i c a t i o n  o f  the  i n t e g r i t y  o f  the 
PMR mat r ix .  As can be c l e a r l y  seen i n  Figure 19, t h e  in te r laminar  shear 
strengths o f  a l l  the  improved tack PMR specimens were 10% t o  15% higher 

than t h e  PMR-15 con t ro l  specimens. The standard dev iat ions experienced 

i n  these t e s t s  were usua l l y  between 2% t o  4%, and the  r e p r o d u c i b i l i t y  
o f  shear p roper t ies  among t h e  various improved tack PMR in te r laminar  

shear s t rengths do no t  seem a t t r i b u t a b l e  t o  s t a t i s t i c a l  v a r i a t i o n  or 
i ncons is ten t  laminate q u a l i t y ,  This di f ference could &e a t t r i b u t e d  t o  

d i f f e r i n g  polymer s t ruc tu res  o r  t o  improved r e s i n / f i b e r  bonding as a 

r e s u l t  o f  improved f l ow  exh ib i ted  by the  diglyme system dur ing 
im id i za t i on .  
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5.0 AUTOCLAVE MOLDING PROCESS DEVELOPMENT 

Autoclave processing methods were shown t o  be capable of producing 
h i g h  quali ty composites from improved tack PMR prepregs i n  t h i s  task.  
These methods were amenable to  the procedures necessary for  the fabr i -  
cation of large and complex pieces of hardware. 
x 0.23 cm (6.0 i n  x 4.0 i n  x 0.09 i n )  laminates, u s i n g  a variety o f  

processing cycles, were fabricated.  
through se lec t  mechanical and physical tests. Both solution and hot 
melt coated C-3000 fabric  prepregs were u t i l i zed  i n  t h i s  study t o  
fabr icate  laminates. 

Several 15.2 cm x 10.2 cm 

Composite performance was ascertained 

5.1 SOLUTION COATEL! PREPREG EVALUATION 

PMR-15 solutions employing e i ther  the methanol (PMR-15 control) ,  
methanol/diglyme o r  ethanol/diglyme solvent systems were used to  prepare 
the fabric  prepregs evaluaked i n  this section. Substantial modification 
o f  the lay-up procedures and cure cycles normally used to  autoclave process 
conventional PMR prepregs (Reference 8) were necessary t o  process the 
improved tack PMR prepregs into high quality composites. However, these 
modified procedures did n o t  require deviation from the conventional 
maximum temperature and pressure, 588'K (6OOOF) and 1.4 MPa (200 p s i ) ,  
needed to  process PMR-15 prepregs. 

5.1.1 LAMINATE PROCESSING 

.The determination of the autoclave processing parameters have been 
dictated by previous experience w i t h  the  PMR-15 system (References 8 and 

In addition, observations made d u r i n g  the compression molding process 
study on the e f fec t  o f  the t ack i f i e r ,  diglyme, upon the moldability of 
the improved tack PMR prepregs have been considered i n  defining parameters. 
The most apparent, c r i t i c a l ,  processing character is t ics  of the improved 
tack system are  summarized below. 

9). 
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The improved tack, monomeric, PMR resin,  i.e., 
w i t h  diglyme present and p r i o r  t o  appreciable 
condensation, i s  o f  much lower v i s c o s i t y  than 
the conventional PMR-15 monomeric resin.  As 
such, it i s  d i f f i c u l t  t o  contro l  the f low o f  
o f  the improved tack PMR system a t  t h i s  stage. 

When the condensation react ions occur i n  the 
presence o f  diglyme, t h e  resu l tan t  imidized 
improved tack PMR r e s i n  appears t o  be o f  
s i g n i f i c a n t l y  higher v i s c o s i t y  than the 
imidized conventional PMR-15 resin.  

Under reduced vapor pressure condit ions, L e . ,  

vacuum bag processing, and moderate temperatures, 
less than 395'K (250°F), diglyme can be removed 
from the system. Upon examination o f  t he  vapor 

pressure of  diglyme w i th  temperature, data 
i nd i ca te  t h a t  a t  395'K (25OOF) a vacuum o f  a t  
l e a s t  20 mm Hg would be necessary t o  s i g n i f i c a n t l y  
reduce the diglyme concentration. 
o f  s i g n i f i c a n t  amounts o f  diglyme might r e s u l t  i n  
an increase i n  the amount o f  f low o f  the im id i ted  
improved tack PMR system. This assumes t h a t  
a thermodynamic equ i l ib r ium s ta te  e x i s t s  i n  the 
vacuum bag, <.e . ,  the migrat ion o f  diglyme would 
not be d i f f u s i o n  control led.  

Prepolymer condensation react ions occur most r e a d i l y  
i n  the 395'K (25OOF) t o  450°K (35OOF) temperature 
range, necessi tat ing adequate laminate venting 
and v o l a t i l e  removal. 

E a r l y  removal 
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0 A rapid laminate heating r a t e ,  greater t h a n  
3'C/min (6 'F/min.) ,  a f t e r  vo la t i le  removal 
and autoclave pressurization is  required 
t o  achieve adequate resin flow for  composite 
consol idation. 

0 The achievement of a composite temperature 
of 588'K (600OF) for  a t  l ea s t  one hour is  
needed for  adequate matrix cross1 i n k i n g .  

The  vacuum bagging technique, which was used to  fabr icate  a l l  of 

the autoclave molded laminates, is shown i n  Figure 20. T h i s  design 
was conceived a f t e r  consideration o f  the anticipated most c r i t i ca l  
processing parameters. A key material used i n  this lay u p  is the  
gas permeable and resin impermeable Celgard, polypropylene, film. 
employing this film the very low viscosity monomeric resin was confined 
to  the laminate while the necessary vola t i le  expulsion was accomplished 
under fu l l  vacuum bag pressure, i . e . ,  97kPa (14 psi) external atmospheric 
pressure and  l e s s  than 20 mm (0 .8 i n )  vapor  pressure. As the cure cycles 
passed 450°K ( 35OoF) the Cel g a r d  me1 ted and decomposed. 

By 

However , 
suf f ic ien t  resin condensation had taken place so t h a t  resin flow was low 
enough tha t  the 181 glass fabr ic  breather remained porous to  the small 
amount of remaining vo la t i l e  matter. 

T h e  cure cycles used i n  this study have been graphically represented 
i n  Figures 21 through 24. Many processing parameters have been held 
constant d u r i n g  this study. These include the use of fu l l  vacuum bag 
pressure throughout the cycle, the attainment of r a p i d  heating rates  
d u r i n g  the cross linking stages of the polymerization, a t  l ea s t  5'K 
(8OF) per minute, the in i t i a t ion  of autoclave pressurization when the 
laminate reaches 505'K (450OF) , the  attainment of 1.4 MPa (200 psi)  auto- 
clave pressure upon the laminate reaching 533'K (5OOOF) and the curing of 
the laminate for  one hour a t  588'K (60OOF). 
this study were the times and temperatures of the dwell cycles. 
purpose was t o  define the minimum conditions necessary t o  remove enough 
condensation products and solvents from the lay-up so t h a t  voids would n o t  
form i n  the laminate d u r i n g  the cross l i n k i n g  stage of the cure cycle. 
In addition, i t  was f e l t  tha t  defining a minimum dwell temperature would be 
desirable t o  obtain adequate resin flow a f t e r  the pressurization of the 

The parameters varied i n  
The 
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autoclave. As can be seen i n  the  cure c y c l e  schematics, t he  temperature 

and du ra t i on  o f  t h e  dwel l  steps increase from Figures 21 through 24. 

The mechanical and physical  p roper t i es  o f  t he  laminates fab r i ca ted  

I n  add i t i on ,  v o l a t i l e  products escaping from t h e  l a y s  were c o l l e c t e d  

from s o l u t i o n  coated W O O 0  c l o t h  prepreg a re  given i n  Tables 16 through 

18. 

and t h e i r  weights recorded a f t e r  var ious steps o f  t h e  cure cycles.  Data 
for  laminates employing t h e  methanol/diglyme solvent  system and the  ethanol/ 

diglyme solvent  system a re  given i n  Tables 16 and 17, respec t i ve l y .  Two 
laminates us ing methanol o n l y  as a so lvent  (PMR-15 c o n t r o l )  were a l so  

fab r i ca ted  f o r  comparative purposes; data f o r  these a re  given i n  Table 18. 

V o l a t i l e  ma t te r  was c o l l e c t e d  and q u a n t i t a t i v e l y  recorded i n  order  

t o  e s t a b l i s h  the  e f f i c i e n c y  o f  t he  various dwell  steps f o r  the removal 

condensation products and solvents.  Th is  was done by condensing the  
v o l a t i l e  ma t te r  in a d r y  ice/ isopropanol  c o l d  t rap .  
o f  weights o f  t h e  v o l a t i l e  ma t te r  c o l l e c t e d  dur ing t h e  dwel l  steps o f  
each lay-up compared t o  t h e  t o t a l  weight o f  v o l a t i l e  mat te r  co l lected,  

i nd i ca tes  t h a t  a t  l e a s t  75% o f  t h e  v o l a t i l e  ma t te r  must be removed i n  
a dwel l  c y c l e  i n  o rder  t o  ob ta in  r e l a t i v e l y  low v o i d  content laminates. 

Cursory inspect ion 

I n  a d d i t i o n  several conclusions can be made regarding t h e  expuls ion 

o f  diglyme from t h e  improved tack  prepregs by comparing the v o l a t i l e  

ma t te r  data i n  Tables 16 and 18; these are: 

0 A dwel l  c y c l e  o f  16 hours a t  353'K (175OF) was 

s u f f i c i e n t  t o  remove about 80% o f  t h e  t o t a l  

v o l a t i l e  mat te r  from PMR-15 c o n t r o l  prepreg 
(Table 18, composite number 10 o r  11). Th i s  

i n d i c a t e s  t h a t  substant ia l  i m i d i z a t i o n  had 
taken place a t  t h i s  temperature. 

0 A s i m i l a r  dwel l  cyc le  using improved tack PMR 

prepreg (Table 16, composite number 3,  5 o r  7) 

removes about the  same weight o f  v o l a t i l e  matter; 
however, t h i s  i s  o n l y  about 30% o f  t h e  t o t a l  
v o l a t i l e  content. Since t h e  weights o f  these 
v o l a t i l e  products were s i m i l a r ,  t h e  composition 
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TABLE 18 AUTOCLAVE FnOLDING PROCESS STUDY 
METHANOL SOLVENT ( PMR-1 5 CONTROL). 

Cure Cycle Number 

Dwell Temperature O K  (OF) 

Vo la t i les ,  g 

h e l l  Temperature, O K  (OF) 

Vo la t i les ,  g 

Total Vo la t i l es  Collected, g 

Composite Propert ies 

Flexural  Strength, MPa (Ksi )  
R.T. 
588OF (600°F) 

Flexural  Modulus, MPa (Ksi ) 
R.T. 
588'K (600°F) 

Shear Strength 
R.T. 
588°K (600OF) 

Density, g/cc 
Resin Content, % w/w 
Fiber Volume, % v / v  

I 
I Void Volume, % v / v  

A- 1 

11 

353 (175) 

16 
3.9 

--- 
--- 
--- 
4.9 

896 (130) 
648 (94) 

57 (8.2) 
59 (8.5) 

57- (8.2) 
40 (5.8) 

1.539 
34.57 
57.23 

2.5 

A- 3 

10 

353 (175) 

16 

3.5 

408 (275) 

1.5 

1.2 

5.2 

986 (143) 
710 (103) 

61 (8.9) 
63 (9.1) 

63 (9.2) 
45 (6.5) 

1.597 
. 30.92 

62.68 
-0.1 
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of these volatile products was probably the 
same, L e . ,  water and methanol. This implies 
that this dwell for 16 hours at 353'K (175OF) 
removed only a small proportion of the tackifier, 
diglyme. 
tile matter collected during the processing of 
laminate 12 (Table 20, Section 5.2.2) by gas 
chromatograph verified this observation. A 
summation of this analysis is given in Table 19. 

Separation of the components o f  the vola- 

TABLE 19. ANALYSIS OF VOLATILE MATTER (1) 
AUTOCLAVE LAMINATE NUMBER 12 

Methanol Concentration, % W / W  

Diglyme Concentration % W/W 

('I Cas chromatogry was used to separate and quantify 
the relative amounts o f  these volatile products. 
Analysis for water was not performed. 

a The vapor pressure maintained over the laminates 
in these lay-ups (0.5 mm Hg) was much lower than 
the equilibrium vapor pressure of diglyme at this 
temperature 353'K (175'F). Thus the removal of 
diglyme at these temperatures was probably being 
retarded by its relatively slow diffusion rate 
through the laminates. 

In summary these observations indicate that, under vacuum bag pro- 
cessing conditions of improved tack PMR prepreg, substantial amidization 
and imidization probably occurs prior to the removal o f  the majority of 
the tackifier, diglyme. 
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TABLE 20 AUTOCLAVE MOLDING PROCESS 
STUDY HOT MELT SYSTEM 
(METHYL ESTERS). 

Cure Cycle Number 

Composite No. 
Dwell Temperature, O K  (OF) 

Time, hour 
Vo la t i l es ,  g 

Time, hour 

Vo la t i l es ,  g 

Time, hour 
Vo la t i l es ,  g 

Dwell Temperature O K  (OF) 

Dwell Temperature, O K  (OF) 

Total  V o l a t i l e s  Collected, g 

Composite Proper t ies  
F lexura l  Strength, MPa ( K s i )  

R.T. 
588°K (6OOOF) . 

F1 exural  Modul us, MPa (Ksi  ) 

R.T. 
588OK (6OOOF) 

Shear Strength 

R.T. 
588OK (6OOOF) 

Densi ty , g/cc 

Resin Content, % w/w 
F iber  Volume, % v/v 
Void Volume, % v / v  

A- 3 

9 

353 (175) 
16 

3 .O 
408 (275) 

1.5 

861 (125) 

593 (86) 

62 (9.0) 

61 (8.9) 

52 (7.6) 
37 (5.3) 

1.574 

29.61 
62.94 

1.7 

A- 5 
12(1) 

353 (175) 

16 

3.2 
422 (300)(2) 

2.0 

6.3 

2 .o 
0.8 

10.5 

477 (400) ' 

765 (111) 
510 (74) 

56 (8.1) 

51 (7.4) 

39 (5.6) 

31 (4.5) 

33.52 
54.32 

9.2 

1.438 

(1) Molded us ing  vacuum bag pressure only,97 KPa (14 p s i )  

(2) Actual cure c y c l e  (Number A-5) employed a slow heat ing  ra te ,  0.fioK ( l0F)/min, up t o  
477°K (400OF). 
477OK ( 40OOF). 

V o l a t i l e  mat te r  was co l l ec ted  upon reaching 422OK (300OF) and 
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The data presented i n  Tables 16 through 18 i nd i ca tes  t h a t  t he  q u a l i t y  
of t h e  laminates fab r i ca ted  i n  t h i s  study was h i g h l y  dependent upon the  

cure cyc le  which was employed. However, by employing dwel l  cycles i n  
the  408'K (275OF) t o  436'K (325OF) range f o r  one and one h a l f  hours, 
a f t e r  a dwel l  cyc le  o f  16 hours a t  353'K (175OF) i t  was poss ib le  t o  

f a b r i c a t e  r e l a t i v e l y  h igh  q u a l i t y  laminates us ing t h e  improved tack  PMR 

system. These laminates exh ib i t ed  mechanical p roper t ies  equiva lent  t o  

those o f  compression molded f a b r i c  laminates, ; . e . ,  41 PMa ( 6  Ks i )  
t o  48 MPa ( 7  Ksi )  shor t  beam shear s t rength  when tes ted  a t  588'K (60OOF). 
Visual examination o f  these h ighest  q u a l i t y  laminates, up t o  l O O X  mag- 

n i f i c a t i o n ,  d i d  no t  reveal  any appreciable vo id  content.  However, a c i d  

d iges t i on  of sect ions o f  these laminates ind ica ted  t h a t  they d i d  have 
vo id  contents ranging from 2% t o  3% v /v .  
those found fo r  t h e  compression molded f a b r i c  laminates. 

no t iceab le  d i f f e r e n c e  i n  p rocessab i l i t y  between the  two improved tack PMR 
systems. 

These a re  s l i g h t l y  h igher  than 

There was no 

To get an i n d i c a t i o n  o f  t he  r e l a t i v e  autoclave p rocessab i l i t y  o f  t h e  

improved tack  PMR system compared t o  the  conventional PMR-15 system, two 
PMR-15 laminates were fab r i ca ted  using cure cyc les A-1 and A-3 (Figures 

21 and 23 ' respec t i ve l y ) .  The vo id  contents o f  t he  improved tack PMR 
laminates (methanol/diglyme solvent  system) and the  PMR-15 cont ro l  
laminates r e s u l t i n g  from t h e  use o f  these cure cyc les a re  shown i n  
F igure 25. 
us ing  t h e  PMR-15 con t ro l  prepreg. That i s ,  lower vo id  volume laminates 
were ob ta inab le  us ing t h e  PMR-15 cont ro l  system, over a wider range o f  
processing cycles,  than were obta inable us ing t h e  improved tack  PMR 

system. However, s ince t h i s  was a b r i e f  screening study, it is  very 
l i k e l y  t h a t  h igher  q u a l i t y  improved tack PMR laminates would be obtained 

upon f u r t h e r  process op t im iza t ion .  

Th is  i l l u s t r a t e s  t h a t  there  was a wider processing window 
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-1 

PMR-15 

IMPROVED TACK PMR 

CYCLE A-3 

WITH HOLD 

CYCLE A-1 

WITHOUT HOLD 

LAMINATE CURE CYCLE 

Figure 25 Void Contents o f  Improved Tack PMR and PMR-15 

Cure Cycles With and Without an Intermediate 
Dwell Step. 

. Laminates Fabricated i n  the  Autoclave Using 
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5.2 HOT MELT COATED PREPREG EVALUATION 

Additional laminates have been processed and evaluated from prepreg 
which has been preprared by hot melt coating techniques. The preparation 
of the high sol ids  resin and prepreg used i n  this evaluation was discussed 
i n  Sections 3.2.1 and 3.2.2. The hot melt prepreg used i n  this study was 
prepared from a PMR formulation based upon the dimethyl e s t e r  o f  BTDA 
prepared i n  diglyme, NE and MDA in the molar ra t ios  of 2.087 : 2.00 : 

3.087. 

5.2.1 LAMINATE PROCESSING 
The processing of laminates i n  this study was based upon observations 

made d u r i n g  the autoclave molding of solution coated fabric  prepreg 
(Section 5 .1) .  
quali ty laminate from prepreg employing the methanol/diglyme t ack i f i e r  
was used to  fabr icate  one laminate. 
employed vacuum bag pressure only, 97 KPa (14 psi) ,  for  composite 
consolidation was screened. 

Cure cycle A-3 (Figure 23)  which produced the highest 

In addition, a cure cycle which 

T h i s  cure cycle, number A-5 (Figure 26), 

employed a slow, steady heating r a t e  d u r i n g  the imidization portion of 
the cycle. 
through this s tep  so t h a t  upon rapid heating, from 4 7 7 O K  (400'F) t o  
588'K (600OF) only a small amount of resin flow would be necessary t o  
a f fec t  adequate laminate consolidation. 

T h i s  was intended t o  minimize the amount o f  v o i d s  formed 

5.2.2 LAMINATE EVALUATION 

The mechanical and physical properties of the two laminates 
fabricated i n  this study are  shown i n  Table 20. T h e  properties of 
the laminate fabricated w i t h  1 .4  MPa (200 psi) .  autoclave pressure 
(composite number 9,  Table 20) were nearly identical t o  the  properties 
of laminates processed i n  a similar manner from solution coated fabric  
prepreg. There was a s l i g h t  reduction of the  shear strengths of the 
laminate employing the hot melt prepreg; however, th is  m i g h t  be due t o  
the  relat ively low resin content, 29.61% w/w, of this laminate. 
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The potential of using vacuum bag pressure only, 97 Kpa (14 psi). 
to process improved tack PMR fabric laminates was evaluated with composite 
number 12 (Table 20). The mechanical properties of this laminate were 
relatively low; this could be directly attributable to the rather high 
void content of the laminate. Microscopic examination of polished 
cross'sections of this laminate showed that incomplete resin consolidation 
occurred in the resin rich interstitial regions between the tows o f  

fibers. This characteristic could most likely be attributed to 
insufficient resin flow and not to void formation caused by the rapid 
evolution of volatile matter. As indicated by the amounts of volatile 
matter collected during the processing of this laminate, volatile 
evolution was essentially complete upon the laminate reaching 422'K 
( 3 O O O F ) .  Optimization of this cycle, so that rapid heating would be 
affected from 422'K ( 3 O O O F )  to 588'K ( 6OO0F), could result in much higher 
resin flow and a higher quality laminate. 

In summary, the autoclave fabrication studies performed on this program 
have identified process cycles that show promise for molding improved tack 
PMR-15 prepreg containing diglyme. 
appears to be a good to excellent solvent for the PMR constituent compounds 
and prepolymer, thus it is very difficult to remove completely in order to 
avoid no to low void laminates. For those installations possessing equip- 
ment where long dwell cycles and rapid heat-up rates are easily controlled, 
use of a high boiling tackifier solvent component such as diglyme may be 
acceptable. However, for routine fabrication of large composite parts in 
conventional autoclave equipment in which narrow process envelopes are 
unacceptable, the cosolvent component approach to achieving tack, drape, 
etc. is most probably unacceptable. 

However, as is a common occurrence, diglyme 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

Summarized below a r e  the conclusions and recommendations reached 
dur ing  this program t o  develop PMR-15 prepregs w i t h  improved handle- 
a b i l i t y  and tack charac te r i s t ics .  

6.1 CONCLUSIONS 

The incorporation of a fugitive solvent, dimethoxy ethyl e ther ,  
in to  the conventional PMR-5 resin formulation greatly increased the tack 
and handleabil i t y  character is t ics  of prepregs prepared from this polyimide 
system. 

0 Improved tack PMR formulations, amenable to  hot 
me1 t processing techniques, were developed which 
were alcohol f ree .  

0 Compression and autoclave molding processes were 
developed which repeatedly produced laminates, o f  
u p  t o  21.6 cm x 21.6 cm x 0.23 cm (8.5 i n .  x 8.5 i n .  
x 0.09 i n . )  i n  dimension, of h i g h  physical and mechanical 
properties. 

0 Autoclave processing methods, which employed vo la t i l e  
removal i n  the 405OK (275OF) - 436'K (325OF) range, 
yielded improved tack PMR laminates of low void volume. 
T h i s  was realized by u t i l i z i n g  a maximum autoclave 
pressure o f  1.4 MPa (200 psi). 

6.2 RECOMMENDATIONS 

Because of the recent finding which indicated that  the auto-ignition 
temperature o f  diglyme i s  -464OK (375OF) instead of the previously re- 
ported >81loK ( > l O O O ° F ) ,  i t  i s  recommended tha t  no fur ther  consideration 
be given t o  this compound as a tack i f ie r  for  PMR-15 or  any other h i g h  
performance resin requiring solvent evaporation temperatures ,422'K 
(300'F). 
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APPENDICES 

TEST PROCEDURES FOR CHARACTERIZATION 
OF PREPREG HANDLEABILITY 

A. 

A.l TACK 

The tack test involved the preparation and test o f  a single lap 
shear type tensile specimen. Two 1 x 4 inch strips (warp parallel to 
4 inch length) o f  prepreg were assembled with a one-inch overlap. 
dead weight of three pounds (3 psi) was placed over the lap joint for 
60 seconds. 
Universal Test Machine at a strain rate of 5 inches per minute. Tack 
was quantitatively defined as the average shear stress at failure, 
which was given by the expression, 

A 

The specimen was then pulled to failure using an Intrusion 

T = tack, kPa (psi) 
P = load, N ( l b )  
A = area, M (in ) 2 2  

A .  2 VOLATILE CONTENT 

Volatile content o f  graphite prepreg was determined by thermally 
treating a tarred sample for 30 minutes at 4 7 7 O K  ( 4 O O O F ) .  

to R .  T., the specimen was reweighed and the volatile content was cal- 
culated by the following formula: 

After cooling 

Volatile Content = W 1  - W 2  
x 100 

w1 

Volatile Content = W 1  - W 2  
x 100 

w1 
Where: 

W 1  = Weight Sample 

W2 = Weight Sample After Heat Aging 
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A.3 DRAPE 

Drape i s  a 

assembly operat 
qu i red contours 

s impler parameter t o  consider and i s  l ess  c r i t i c a l  i n  

ons. As long as the  prepreg can be conformed t o  the  re-  

wi thout  cracking o r  powdering res in ,  the mater ia l  i s  

f e l t  t o  have adequate drape. 

A simple approach t o  evaluat ing drape i s  t o  bend the room temperature 
prepreg over on i t s e l f  and t o  crease .it with f i nge r  pressure. This i s  

perhaps a severe t e s t  and i s  sometimes modif ied by fo ld ing  the  mater ia l  
over a quarter o r  h a l f  inch diameter rod as a c r i t e r i o n .  For purposes 

o f  t h i s  program, the  f o l d  and crease approach was used. 
q u a l i t a t i v e l y  reported as, 

Drape was 

E = Excel lent  (very  p l i ab le )  

B. CEDUR 

G = Good 
F = Fa i r  
S = S t i f f  

C = Cracking 

S FOR THE ISOTHERMA GRAVIMETRIC ANALYSIS OF BULK RESIN 

AND COMPOSITE SAMPLES 

The t e s t  specimens were placed i n  a ven t i l a ted  chamber which had 
a volume o f  14 l i t e r s ,  t h i s ,  i n  turn,  was placed i n  a forced a i r  oven. 
This inner  chamber was f i t t e d  w i th  a c o i l e d  metal tube which was placed 
a t  the bottom o f  the chamber. 
had holes d r i l l e d  a t  2.5 cm (1 in.) in te rva ls .  A f low r a t e  o f  100 m l l m i n  

was maintained w i t h  a ca l ib ra ted  flowmeter. B o t t l e d  d ry  a i r  was employed 
f o r  a l l  aging studies.  The temperature ins ide the chamber was constant ly  
monitored w i th  Hewlett Packard 680 s t r i p  char t  recorder and held a t  
588OK (6i)OOF) - + 2 . 5 O K  (5'F). 

C .  

A i r  was metered through the  tube which 

THERMAL MECHANICAL ANALYSIS OF BULK RESIN AND COMPOSITE SAMPLES 

Bulk r e s i n  and mat r ix  glass t r a n s i t i o n  temperatures were determined 

w i t h  a DuPont Thermomechanical analyzer. An expansion probe w i t h  a 
59 load was used t o  measure the dimensional changes o f  the sample, 
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The  samples were heated a t  a r a t e  of 10°K/min while under a nitrogen 
atmosphere. 

The glass t rans i t ion  temperature was defined as the  temperature 
a t  which there  was a marked increase i n  the expansion r a t e  of the sample. 
T h i s  was estimated by drawing tangents t o  the i n i t i a l  (glassy s t a t e )  
expansion curve and the next definable expansion curve. The intersection 
of these tangents was taken a s  the glass t rans i t ion  temperature. 

A representative THA profile determined i n  this w o r k  i s  given i n  
Figure C-1 . 

D. TEST PROCEDURES FOR CHARACTERIZATION OF PREFORMS AND COMPOSITES 

D.1 PREFORM EXTENT OF VOLATILE EXPULSION 

The extent of vo la t i le  expulsion from the  oven imidized preforms was 
a measure of the re la t ive  vola t i le  content o f  the preforms compared t o  
the vo la t i l e  content o f  single pl ies  of prepreg. 
prepreg always came from the same batch. The vo la t i l e  content o f  the 
preforms was determined by following the  procedure given i n  Appendix A.3. 
The re la t ive  extent of vo la t i le  expulsion was defined a s ,  

Preforms and pl ies  of 

- x 100 Volatile Expulsion - 
VPP 

where, 
Vpf = preform vo la t i l e  content 

Vpp = prepreg vo la t i l e  content 

D.2 COMPOSITE CHARACTERIZATION 

The following t e s t s  were used t o  quantitatively define laminate 
physical and mechanical properties. 

D.2.1 RESIN FLOGI 

Resin flow d u r i n g  the molding of laminate was defined as ,  
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Resin Flow = ' 2  

where 

W1 = 
W p  Weight of  resin f lash 

Total laminate weight a f t e r  molding 

D .2.2 RESIN CONTENT 

The resin was digested from the cured sample by pouring acid 
(concentrated H2S04) onto the sample i n  a glass beaker and then heating 
the acid u n t i l  i t  turned black. A t  this point, 30% hydrogen peroxide 
solution was added dropwise t o  the acid u n t i l  i t  turned clear  again. 
The acid was reheated for  a m i n i m u m  of one hour. During t h i s  period, 
further drops o f  hydrogen perioxide solution were added to  clear the 
acid whenever the acid turned  black. After the so lu t ion  remained c lear  
for  a t  l ea s t  one half hour i t  was cooled to  room temperature. The acid 
was decanted from the filaments u s i n g  a fr i t ted glass f i l t e r ,  washed 
f irst  i n  d i s t i l l e d  water and then acetone, after which the filaments 
were d r i ed  for  15 minutes i n  a 450°K (35OOF) a i r  circulating oven. 
Resin sol ids  contents were calculated: 

w r  = ( w l  - w 2 )  
x 100 

w1 
Where, 

Wr = Weight Content of Resin S o l i d s ,  X w/w 

W1 = Weight  of Cured Composite Sample 

W p  = Weight o f  Filaments a f t e r  Acid Digestion o f  the  
Resin Matrix 
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D.2.3 DENSITY OF COMPOSITES 

S p e c i f i c  g r a v i t y  o f  composites was determined by weighing specimen 

i n  a i r  and i n  water. S p e c i f i c  g r a v i t y  was ca l cu la ted  by t h e  formula: 

S p e c i f i c  Grav i t y  = W A  loo 
('A - 'W) 

Where : 

WA = Weight Sample i n  A i r  

Ww = Weight Sample i n  Water 

D.2.4 Composite F ibe r  Volume 

F iber  volume percent o f  t h e  composites was ca lcu la ted  by t h e  

formula : 
= 100 ( l -K )  - DC vf 

Df 
Where: 

V f  = Volume Percent F iber ,  % 

3 DC = Measured Density o f  Composite, g/cm 

Df = Densi ty  o f  Fiber ,  g/cm3 [assumed t o  he 1,76 g/cm3) 

K = Weight Fract ion,  Resin 

The spec i f i c  g r a v i t y  o f  t h e  Cel ion f i b e r s  was assumed t o  be 
3 1.76 g/cm . 

D.2.5 COMPOSITE V O I D  CONTENT 

Void contents of t h e  composites were ca l cu la ted  us ing t h e  formula: 

vv = 100 - O C A  ( :; + F) 
Where : 

V = Volume o f  Voids, '% v/v 
V 

DC = Measured Density o f  Composite, g/cm 3 

Dr = Densi ty  o f  Resin, g/cm 3 (assumed t o  be 1.36 g/cm 3 ) 
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3 Df = Density o f  Fiber, g/cm 

Wr 
= Weight Content o f  Resin, % 

Wf = Weight Content o f  Fiber, % 

D .2.6 SHEAR STRENGTH OF COMPOSITES 

The cured composites were machined i n t o  short  beam shear specimens 
0.64 cm (0.25 in.) wide and 1.52 cm (0.60 in.) long and tes ted  i n  f l exu re  
using a 4:l span t o  depth r a t i o .  Loading r a t e  was 0.13 cm/min (0.05 in/min).  

Shear strengths were calculated using t h e  simple formula: 

= 0.75V 
sU t b  

Where : 
2 2 = Ult imate Shear Strength, MN/m ( l b / i n  ) 

sU 

V = Load a t  Fai lure,  N (lb) 

t = Specimen Thickness, m ( i n )  

b = Specimen Width, m ( i n )  

D.2.7 FLEXURAL PROPERTIES OF COMPOSITES 

The cured composites were machined i n t o  f l e x u r a l  specimens 1.27 cm 
(0.5 i n )  wide by 10 cm ( 4  i n )  long and tes ted  i n  f lexure,  using three 

po in t  loading, and a 32:l span-to-depth r a t i o .  Loading r a t e  was 
0.13 cm/min (-0.05 in/min). 

Flexural strengths and moduli were calculated using the  formulae: 

Fu = 3PL 
2 

2bd 
3 

4bd3 
and Eb = L m - 
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Where: 

= Stress  i n  the Outer Fiber a t  Mid-span,. MN/m 2 ( l b / i n  2 ) 
FU 
E b  = Modulus of Elas t ic i ty  i n  Bending, GN./m 2 

P = Load a t  Failure, N ( l b )  

L = Span, m ( i n )  

b = Width of Specimen, m ( i n )  
d = Thickness o f  Specimen, m ( i n )  ' 

m = Slope of the Tangent t o  the I n i t i a l  Straight l ine 
Portion of the Load Deflection Curve, N / m  (lb/min) 

E .  METHODS FOR GPC ANALYSIS 

The GPC (Gel Permeation Chromatography) analysis was performed w i t h  

Waters Associates' 60A0 1-1 Porasil GPC columns. The conditions of analysis 
are l i s t e d  i n  Table E-1. The method of analysis was identical t o  tha t  
reported by K .  E .  Reed (Reference 6 ) .  
integration was performed by a Spectra-Physics 4000 microprocessor, 

The elution volume and peak area 

Table E-1. GPC ANALYSIS 

GPC Columns 

Solvent 

Detector 

- 3-60Ao ~1 Porasil 

- Water/Methanol (1 :1 Ratio) 
Methanol - Burdick and Jackson 
Water - Baker HPLC 

U 1  t rav i  01 e t  Spectrophotometer 
set a t  254 nm 

- DuPont  Variable Wavelength 

F1 ow 

HPLC 

- 1.0 m l / m i n  

- DuPont Model 850 

Tempera t u  r e - 4OoC 

Automa ti on - Spectra-Physics 4000 

A representative Chromatograph o f  the solutions analyzed d u r i n g  
this program i s  given as Figure E-1 . 
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F. ULTRASONIC C SCANS OF UNIDIRECTIONAL LAMINATES 

The ultrasonic C scans of representative laminates evaluated i n  the 
development oc composite properties,  Section 4.0, are presented below: 

Figure F - I  . 6-SCAN OF PMR-15 
CONTROL ( LAMINATE L8) 
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Figure F-2. C-SCAN OF LAMINATE 9 
FABRICATED FROF FRESH PREPREG 
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Figure F-3. C-SCAU OF LAf i INRTE 12 FABRISATED [ROfif 
PREPREG AGED 30 DAYS AT 278 K (40 F 
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Figure F-4. C-SCAN O F  LAXINATE 10 FABRICATEC FROII 
PREPREG AGED 14  DAYS AT R.T. 
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Figure F-5. C-SCAN O F  LAMIIJATE 16 F A B R I C A T E D  FROM P R E P R E G  AGED 
30 DAYS A T  278 K AND 14 DAYS A T  R . T .  
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